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Summary: On the road towards silicon thin-film photovoltaic modules with a conversion 
efficiency of 10%, the micromorph tandem solar cell is a promising candidate. Two 
ingredients are commonly used for light-management within the micromorph solar cell: 
(1) nano-textured interfaces and (2) insertion of an intermediate reflector in-between the 
two component cells of the tandem. The purpose of the nano-textures is to promote light 
scattering at the optical interfaces and therefore to increase the probability of absorption 
of red light in the amorphous silicon (a-Si:H) absorber of the top cell and of infrared light 
in the microcrystalline silicon (μc-Si:H) absorber of the bottom cell. For micromorph 
devices deposited on glass plates, these nano-textures are obtained by the deposition of 
the solar cell on a surface-textured transparent conductive front electrode. The function of 
the second ingredient, the intermediate reflector, is to increase the photo-current density 
within the a-Si:H top cell, thanks to reflections produced at the additional optical 
interface. This document study the interplay between those two ingredients within the 
optoelectronic system formed by the micromorph solar cell. In particular, the impact of 
the surface morphology of the front contact on the growth and performances of μc-Si:H 
solar cells is described. A study of the electronic transport within μc-Si:H cells is carried 
out using Scanning Kelvin probe microscopy and two original methods based on 
conductive atomic force microscopy. Also, the importance of the angular distribution of 
the light scattered by nano-textured front electrodes is demonstrated. Angular 
distributions for light scattered in-air and in a-Si:H are calculated from atomic force 
microscopy pictures of different front electrodes. The calculations are performed using 
phase screens and the scalar scattering theory. Theoretical results obtained with this 
approach are successfully confronted with experimental data obtained in-air. Besides, a 
quantitative comparison of the relative importance of a reduced free carrier absorption 
(FCA) in the front electrode and of an improvement of its light-trapping capability is 
presented. For the different types of front contacts used in this work, this comparison 
shows that the reduction of FCA produces more than 50% of the gains in photo-current 
density. Regarding the direct effect of the intermediate reflector, this work experimentally 
demonstrates that the gain obtained in the current density of the top cell is larger with 
nano-textured interfaces than with flat interfaces. An experimental gain up to 2.8 mA/cm2 
is achieved here. With respect to device optimization, the best initial conversion 
efficiency achieved in this work is 13.3% for a 1.2 cm2 micromorph cell deposited on a 
glass plate with an anti-reflection (AR) coating, yielding the remarkably high value  
of 13.8 mA/cm2 for the short-circuit current density. The best stabilized device achieved 
in this work yields 11.1% stabilized conversion efficiency (1.2 cm2 and no AR coating). 
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1 Introduction 
 
This chapter introduces the context of silicon thin-film photovoltaic solar cells and 
motivation for this particular field of research in the more general context of thin-film 
solar cells. Then, the structure of the specific photovoltaic device discussed in this thesis 
is presented. Finally, the aim if this work and the outline of this document are described 
before summarizing the contributions of this thesis to its field of research. 
1.1 Silicon thin-film photovoltaic solar cells 
1.1.1 General context 
Silicon (Si) thin-film (TF) silicon based photovoltaics (PV) is emerging as a promising 
technology because of the availability and environmental sustainability of the main raw 
materials (silane (SiH4) and hydrogen (H2)) used for the fabrication of solar cells and 
modules. These two criteria of availability and sustainability are unavoidable when 
considering solutions to energy issues on a long time scale and at a large fraction of the 
global energy mix. This technology requires the deposition of a very thin layer of silicon 
(typically 1-2 ȝm or less). In addition, the compatibility of TF PV with mass-production 
processes on rigid or flexible large area substrates provides immediate costs reduction 
potential. These reasons are at the origin of a tremendous industrial dynamism in the field 
of all TF PV technologies (Si, CdTe, CuIn(Ga)Se). An obvious example of this vitality is 
the result of recent synergies between PV researchers and large scale display production 
tools manufacturers [Shah 2006]. These companies, such OC Oerlikon and Applied 
MaterialsSURYLGHQRZHTXLSPHQWIRU³ORZ-FRVW´PDQXIDFWXULQJRISi thin-film modules 
[Kroll 2007, Meier 2008, Kadam 2008, Klein 2008]. 
1.1.2 Deposition techniques 
Silicon thin-films can be deposited in the amorphous phase and also in a 
microcrystalline phase [Vepreck 1968] which consists of crystallites of Si embedded in an 
amorphous Si tissue. In the following, we will consider hydrogenated amorphous silicon 
(a-6L+ DQG K\GURJHQDWHGPLFURFU\VWDOOLQH VLOLFRQ ȝF-Si:H). The electronic quality of 
these materials is insured by a large amount of hydrogen atoms (more than 10 at.% for 
device-grade a-Si:H [Platz 1998]) which passivate dangling bonds in the twisted amorphous 
Si network and at the crystallites surfaces. Most of the deposition techniques for a-Si:H 
DQGȝF-Si:H involve a chemical vapor deposition (CVD) process for the decomposition of 
a SiH4 and H2 gas-phase mixture. These techniques vary depending on the way the gas 
molecules are decomposed into precursors (neutral radicals and ions): a glow discharge 
sustained at radio frequency (rf, typically 13.56 MHz) or at very high frequency (VHF, 
70-120 MHz) for the plasma enhanced CVD (PECVD) [Curtins 1987], a tungsten or 
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tantalum catalytic hot wire resistively heated for the hot-wire-assisted CVD (HWCVD) 
[Mahan 1991], and ultraviolet photons for the Photo-CVD [Sarkozy 1981] techniques. 
At the Institute of Microtechnology of Neuchâtel (IMT), VHF-PECVD is used for 
deposition of a-6L+ DQG ȝF-Si:H. The advantage of increasing the plasma excitation 
frequency in the VHF technique is that the energy of ion-bombardment on the Si film on 
formation is reduced [Curtins 1987, Schwarzenbach 1995]. The microstructure of the Si thin-film 
depends primarily on the silane concentration (SC), defined by the gas flow ratio SC = 
[SiH4]/[SiH4+H2] used during deposition. With the variation of SC, all the microstructures 
UDQJLQJIURPSXUHO\DPRUSKRXV6LWRȝF-Si:H layers with a crystalline volume fraction of 
more than 90% can be obtained. 
1.1.3 Specific issues and past innovations 
The solar cells studied in this work are constituted by a TF Si layer contacted by a 
transparent conductive oxide (TCO) on the front side and by a back conductive contact on 
the other side (which is here a TCO layer but could be a metallic contact). Sketches of the 
structure of typical amorphous Si and micromorph solar cells are given in Fig. 1.1. 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1: Sketch of typical amorphous Si (left) and micromorph solar cell (right). They are built by depositing thin 
cells (300 nm amorphous Si, 1.5 microns microcrystalline Si) at low temperature (200°C) on a transparent 
conductive oxide. 
We will see in chapter 6 that the thickness of the absorber of TF Si solar cells must be 
made much smaller than the absorption depth (see Fig. 1.2 later in the text) of red light for 
a-Si:H (several ȝm) and of near infrared OLJKW IRU ȝF-Si:H (several tenths of ȝm). 
Therefore, the probability of absorption of photons in the absorber layer of TF Si solar 
cells must be increased by means of an enhancement of the effective light path in the 
device. This is provided by scattering of the light transmitted in the absorber layer of the 
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solar cell and light trapping by total internal reflection. At IMT, for TF Si solar cells 
deposited in the pin configuration, the light-scattering is produced at the front 
TCO/silicon interface thanks to the use of as-grown surface-textured (as shown in Fig. 1) 
boron-doped zinc oxide (ZnO:B) layers obtained by the low-pressure chemical vapor 
deposition (LPCVD) technique [Fay 2000, Fay 2003].  
The short diffusion lengths of charge carriers, resulting from the disordered lattice of  
a-Si:H and from non-passivated dangling bonds, make impossible the collection of 
carriers photo-generated through the whole thickness of the TF Si absorber by diffusion-
assisted transport only. A drift of charge carriers must therefore be produced with the help 
of an electric-field. As doping of TF Si layers lead to a worsening of their electrical 
properties (dopant induce defects), GRSHG OD\HUV DUH XVHG RQO\ WR ³FUHDWH´ an internal 
configuration and build up the electric-field across the absorber. Eventually, devices are 
fabricated by deposition of TF Si solar cells in pin or nip configuration. This means that 
the device is composed of an intrinsic (i-) layer sandwiched between p-doped and n-
doped layers. The pin (nip) configuration refers to the deposition sequence where the p-
doped (n-doped) layer is first deposited on the substrate. The doped layers are obtained by 
addition, during the corresponding deposition step, of diborane (B2H6) or trimethylboron 
(B(CH3)3) for the p-type doping, and of phosphine (PH3) for the n-type doping. It is 
preferable that light enters the p-type layer side first, because in a-Si:H, mobility of holes 
is smaller than mobility of electrons. Therefore, deposition of TF Si solar cells on opaque 
substrates must be done in the nip sequence. Whereas the pin sequence is used for devices 
in which light enters through the transparent substrate used for deposition. Noticeably, 
when only μc-Si:H cells are used, good results can also be achieved with n-layer as front 
layer [Huang 2008]. 
A well known issue in the field of TF Si PV is the light-induced degradation of the a-
Si:H material (Staebler-Wronski effect) [Staebler 1977]. It is attributed to the creation of 
dangling-bonds by non-radiative recombination of free carriers [Stutzmann 1985]. This limits 
the stabilized HQHUJ\FRQYHUVLRQHIILFLHQF\Șof a-Si:H solar cells to values smaller than 
10%. The present certified world record is held by IMT and was obtained in 2003 by 
Meier et al., with a stabilized Ș of 9.5% for a single-junction a-Si:H solar cell deposited in 
the pin configuration [Meier 2003]. 
A way to mitigate the light-induced degradation is to reduce the probability of free 
FDUULHU¶V recombination by increasing the electric-field in the device. This is done by sub-
dividing the total thickness of a-Si:H material into two, or three, sub-cells. Therefore the 
individual cells are electrically and optically connected in series (see Fig. 1.1 for an 
example of tandem: two sub-cells). 
The first efficient ȝF-Si:H solar cell device was deposited at IMT in 1994 by Meier et 
al. [Meier 1994]. This innovation, carried out first by ³micro doping´ and then thanks to 
successful deposition of true oxygen-free mid-JDSLQWULQVLFȝc-Si:H material, opened the 
way towards higher stable efficiencies for TF Si solar cells. Indeed, depending on the 
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crystalline volume fraction of the photoactive layer [Meillaud 2005], these ȝF-Si:H solar cells 
do not suffer from the Staebler-Wronski effect [Meier 1994]. This innovation was the first 
step of the invention of the micromorph concept. 
 
1.2 The micromorph solar cell 
The invention, in 1996 by Meier et al., of the micromorph solar cell device [Meier 1996] 
is an important consequence of the possibility to IDEULFDWH ȝF-Si:H solar cells. The 
micromorph is a tandem solar cell made of microcrystalline and amorphous silicon, thus 
the name of this device. It consists of a serial optical and electrical connection of a high 
bandgap a-Si:H top cell and a low bandgap ȝc-Si:H bottom cell. The optical absorption 
spectra of a-6L+ȝF-Si:H and crystalline Si (c-Si) are plotted in Fig. 1.2. For wavelengths 
Ȝ in the visible range of the spectrum, the optical absorption coefficient Į of a-Si:H is 
about twice higher than IRUȝF-Si:H. )RU Ȝ!QPĮRI D-Si:H abruptly falls down. 
Thus, a-6L+ LV WUDQVSDUHQW WRSKRWRQVZLWKȜ!QPbecause their energy is smaller 
than its optical energy bandgap Eg (1.7 eV). On contrary, the Eg RIȝF-Si:H (which is a 
multiphase material) is lower and can be approximated by the energy bandgap of c-Si 
(1.12 eV). Therefore, the absorption band-edge of ȝF-Si:H corresponds to a wavelength of 
DERXWQP7KLVPDNHVȝF-Si:H suitable to convert photons of the near infrared (NIR) 
part of the solar spectrum into photo-excited carriers. Therefore, in the micromorph 
device, the top cell absorbs photons in the visible part of the spectrum, whereas the 
bottom cell absorbs red and infrared photons. 
 
Fig. 1.2: Absorption spectra of amorphous, microcrystalline and crystalline silicon reproduced from [Shah 2004]. 
7KHYDOXHVRIWKHDEVRUSWLRQFRHIILFLHQWĮDQGWKHFRUUHVSRQGLQJSHQHWUDWLRQGHSWKVDre ported on the left and right 
axis, respectively. The vertical lines indicate the bandgap energies of amorphous silicon (Eg a-Si) and crystalline 
silicon (Eg c-Si). 
Chapter 1: Introduction 
15 
We will see in chapter 7 that, to minimize Staebler-Wronski degradation in the top cell, 
the a-Si:H absorber should be thinner than typically 300 nm. As a consequence of the 
electrical series connection of the tandem device, this constraint considerably limits the 
photo-generated current density in the top cell and, as a result, the Ș of the whole device. 
A solution to this issue was proposed by Fisher et al. [Fischer 1996] and consists in 
introducing an intermediate reflector layer (IRL) between the top and bottom cell to 
preferentially increase the light intensity in the top cell, and, consequently, its photo-
current. The IRL must be made of a low refractive index material, Fisher et al. used ZnO. 
A schematic description of the micromorph cell device such as studied in this work and 
a cross-section of an actual device are given in Fig. 1.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.3: (a) Structure of the micromorph solar cell device with intermediate reflector layer (IRL) and deposited on 
as-grown surface-textured ZnO:B layers deposited by the low-pressure chemical vapor deposition (LPCVD) 
technique. (b) Scanning electron microscopy micrograph of a cross-section of a micromorph solar cell with a ZnO 
IRL and two LPCVD ZnO layers for the front and back contacts. 
 
The world record Ș IRU DPLFURPRUSKGHYLFH WDEXODWHG LQ WKH ³6RODU&HOO(IILFLHQF\
7DEOHV´[Green 2009] is held by Kaneka Corp. for a micromorph mini-module (14.23 cm2 of 
aperture area) ZLWKDVWDELOL]HGȘRI, obtained in 2003 by Yoshimi et al. [Yoshimi 
2003]. Yamamoto et al. from the same company demonstrated, for devices incorporating 
an IRL (material of the reflector not disclosed), record initial values of Ș = 13.2% for a 
micromorph module with an aperture area of 910x455 mm2 and 14.7% for a 1 cm2 
micromorph solar cell [Yamamoto 2003].  
  
(b) (a) 
ȝP 
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1.3 Aim and outline of this thesis 
 
Basically, the aim of this work is to demonstrate high efficiency 1 cm2 micromorph 
solar cells deposited in the laboratory scale VHF-PECVD reactors (substrate size: 8x8 
cm2) used at IMT. This thesis focuses on improvement of current density in the 
micromorph device dealing with current-matching issues. The strategy is to take profit of 
the versatility of the LPCVD technique for the fabrication of dedicated front TCO layers 
and to manage the photo-current density in each of the component cells of the 
micromorph with the insertion of an intermediate reflector.  
Following this strategy, it becomes clear that the effects of the front TCO layer and of 
the IRL are optically and electrically coupled. The electrical coupling actually takes place 
YLDFXUUHQWPDWFKLQJRI WKHWDQGHPEXW LVDOVRLQIOXHQFHGE\ WKHTXDOLW\RI WKHȝF-Si:H 
material grown on different substrate morphologies. Another aim of this work is therefore 
to provide insight on these different effects to ultimately draw guidelines for device 
development. 
The following chapter 2 focuses on a description of the particular experimental 
techniques used in this work. 
Chapter 3 describes a novel plasma post-treatment of the surface of our LPCVD ZnO:B 
layers. This chapter mainly focuses on the effects observed on the ZnO layer itself. 
Chapter 4 focuses on the dramatic impact of this plasma post-treatment on the 
SHUIRUPDQFHVRIVLQJOHMXQFWLRQȝF-Si:H solar cells and on the open-circuit voltage (Voc) 
of single junction a-Si:H and micromorph solar cells. The role of nanoporosity (cracks) 
LQGXFHGE\ WKHJURZWKRI WKHȝc-Si:H material is emphasized in this chapter. Thanks to 
the plasma post-treatment, a new type of LPCVD ZnO layer can be used for solar cell 
deposition without impairing losses in Voc and fill-factor (FF): a lightly doped layer with 
an increased thickness, larger grains and lower free carrier absorption (FCA).  
Chapter 5 is dedicated to the analysis RIVLQJOHMXQFWLRQȝF-Si:H solar cells by scanning 
electric-probe atomic force microscopy (AFM) ±based methods. These measurements 
have been carried out during a stay in the Analytical Microscopy Group, leaded by  
Dr. M. M Al-Jassim, at the National Renewable Energy Laboratory, in Golden, Colorado. 
The techniques described here are scanning Kelvin probe microscopy (SKPM) and two 
original methods based on conductive-AFM measurements. The aim of these microscopic 
analyses is to study, at the nanometric scale, the distribution of the electric-field and of 
the local Voc for ȝc-Si:H devices deposited on a surface-textured substrate. The main 
result is that differentiated electrical behaviors are evidenced IRU GLIIHUHQW ȝF-Si:H 
clusters. Therefore, a p-i-QȝF-Si:H solar cell deposited on a LPCVD ZnO front contact 
can be thought as the SDUDOOHOFRQQHFWLRQRIWKHLQGLYLGXDOQDQRGLRGHVIRUPHGE\WKHȝF-
Si:H clusters which are growing during the PECVD deposition on the top of each pyramid 
of the ZnO layer.  
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Chapter 6 is a theoretical and experimental study of the scattering of the light 
transmitted through a rough nano-textured front TCO layer. The chapter contains a review 
of the theoretical and experimental approaches used in the TF Si PV community to handle 
this complicated problem. ,Q SDUWLFXODU WKH <DEORQRYLWFK¶V WKHRUHWLFDO OLPLW IRU WKH
effective light path enhancement by means of Lambertian scattering is recalled. Then, a 
modified scalar scattering theory proposed by Harvey et al. is explained in details. After 
that an original approach, based on the scalar scattering theory as modified by Harvey et 
al., and using random phase screens for the modeling of the front TCO layer, is presented. 
The calculation results obtained with this approach are successfully confronted to results 
of angular resolved scattering (ARS) measurements. Finally, the case of light scattering at 
the internal ZnO/Si interface is analyzed theoretically. The results are confronted to 
experimental external quantum efficiencies (EQE) of micromorph solar cells. This 
comparison demonstrates that ARS is the pertinent light scattering measurement, and not 
haze only, to assess the potential of a given surface morphology to produce an efficient 
light trapping of long wavelengths in silicon. However, this approach is not sufficient to 
successfully predict the behavior of light in the top cell of a micromorph tandem device 
with intermediate reflector. 
Chapter 7 concerns the insertion, in the micromorph solar cell device, of different IRL 
made of ZnO (deposited ex situ) or silicon oxide based material (deposited in situ). The 
chapter starts with a theoretical analysis of the impact of current mismatch on the fill-
factor (FF) of the cell. Then, experimental studies are carried out in order to extract rules 
on the effectiveness of the IRL in increasing the current density of the top cell (Jsc,top). 
Attention is paid to the interplay between the front contact morphology and the IRL. Two 
main results are obtained. (i) An experimental demonstration that for any thickness of the 
IRL, the gain in current density of the top cell (ǻJsc,top), when an IRL is introduced inside 
the device, is always larger in the incoherent case of nano-textured interfaces than in the 
coherent case of flat interfaces with an interferential (single layer) IRL; with a maximum 
gain of ǻJsc,top = 2.8 mA/cm2 achieved so far. (ii) The proposition of the concept that IRL 
actually promotes the light trapping capability of the front TCO layer in the 550-700 nm 
spectral range: the better this capability, the higher the gain ǻJsc,top. The chapter continues 
with the comparison of the Voc of micromorph solar cells incorporating IRL layers with 
different in-plane conductivities. It ends with a proof of concept for the need of IRL to 
achieve large Jsc values (close to 14 mA/cm2) in micromorph solar cells without impairing 
FF with a detrimentally thick a-Si:H top cell. Along different sections of this chapter 7, 
the best micromorph solar cells obtained at the time of carrying out the experiments are 
SUHVHQWHG7KHEHVWLQLWLDOȘis 13.3% for a 1.2 cm2 micromorph cell deposited on a glass 
plate with a broadband anti-reflection (AR) coating. The thicknesses of the top and 
bottom cellVDUHQPDQGȝPUHVSHFWLYHO\ and a 150-nm-thick IRL is used. This 
yields a Jsc value of 13.8 mA/cm2. The best stabilized device achieved in this work is a 
micromorph cell with 11.1% stabilized conversion efficiency (1.2 cm2 and no AR 
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FRDWLQJ7KHWKLFNQHVVHVRIWKHWRSDQGERWWRPFHOOVDUHQPDQGȝPUHVSHFWLYHO\
and a 150-nm-thick IRL is used.  
Chapter 8 discusses first the anti-reflection effect produced by the rough front TCO/Si 
interface of our devices. It is demonstrated that on contrary to the intuition, refractive 
index grading effects play a minor role in decreasing the primary reflectance at this 
interface. The chapter continues with a comparison of the respective contributions of light 
trapping enhancement and reduction of free carrier absorption (FCA), in the increase of 
Jsc achieved in our micromorph solar cells when deposited on the thick, large grain, and 
lightly doped LPCVD ZnO:B layers. Results show that more than 50% of the gain in the 
total cell current density is produced by the decrease of free carrier absorption. Other 
calculations show that, the maximum effective light path enhancement obtained with the 
different LPCVD ZnO:B layers, once the effect of FCA is canceled, is around 22 paths 
with all these TCO. With nSi~3.8, this factor is still ~2.5 times smaller compared to the 
theoretical YabloQRYLWFK¶s upper limit RIÂQSi2 and leaves room for further improvement. 
A summary and the conclusions with perspectives for further studies and device 
efficiency improvement follow in chapter 9. 
 
1.4 Contribution of this work to the research field 
 
In the last years, the research on the micromorph solar cell has continued to be one of 
the major subjects in the TF Si PV research field. The topics of the intermediate reflector 
layer (IRL) and of light trapping by means of nano-textured front contacts have gained in 
importance. The topic of the change of the surface morphology of the substrate to make it 
VXLWDEOH WR WKH JURZWK RI ȝF-Si:H material without nanoporosity is just emerging. This 
PhD thesis has contributed to the research field with the following elements: 
 Modification of the surface morphology of the front LPCVD ZnO layer to 
make it VXLWDEOH WR WKH JURZWK RI ȝF-Si:H material without nanoporosities 
(cracks) (see 4.3 and [Bailat 2006, Dominé 2006]) 
 For the first time, in our best knowledge, the angular distribution of the light 
scattered through a TCO used in TF PV technology is successfully calculated 
directly from the scalar scattering theory and AFM pictures of the surface 
considered (see 6.3)  
 An experimental study on the effect of the insertion of an IRL proposes values 
for the gains and for the losses, per nm of IRL thickness, in the top and bottom 
cell current densities, respectively (see 7.3 and [Dominé 2005]) 
 Experimental observation of the relationship between the effectiveness of the 
IRL and the light trapping capabilities of the front TCO is given for the first 
time (see 7.5 and [Dominé 2006, Dominé 2008a, Dominé 2008b]) 
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 SKPM measurement are carried out on cross-sections of working devices 
deposited on a rough substrate, with the possibility to change the bias-voltage 
at the terminals of the device during the analysis of the sample and original 
data are obtained (see 5.2.2 and [Dominé 2007]) 
 Experimental evidences are given, from scanning electric-probe AFM 
measurements, that WKH ȝF-Si:H clusters which are growing during the 
PECVD deposition on the top of each pyramid of a LPCVD ZnO layer, have a 
differentiated electrical behavior, once the back contact is removed (see 5.3 
and 5.4) 
 Micromorph solar cell with initial conversion efficiency of 13.3% and current 
density of 13.8 mA/cm2 are obtained as well as devices with stable efficiency 
> 11% (see 7.5.3 and [Dominé 2008b]). The last value represents state-of-the-art 
value for cells > 1 cm2 without anti-reflection coating and perspectives for 
further improvement are excellent. 
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2 Deposition and characterization techniques 
 
In this chapter, we briefly describe the deposition process of our transparent conductive 
oxide layers and pin silicon thin-film solar cells. Then we describe the principle of 
particular characterization techniques used in this work. Experimental details on the 
experiments described in this thesis are given in the experimental section of the 
corresponding chapters. 
2.1 Micromorph cell fabrication  
2.1.1 Zinc oxide layers deposited by the low pressure chemical vapor  
deposition (LPCVD) technique 
The transparent conductive oxide (TCO) electrodes used in this work are as-grown 
surface-textured boron-doped zinc oxide (ZnO:B) layers deposited by the low pressure 
chemical vapor deposition (LPCVD) technique. They are deposited on glass plates from 
diethylzinc (DEZ) and water vapors and from diborane (B2H6) used as the doping gas. 
Details of the process can be found in [Fay 2003] and [Steinhauser 2008b]. The thickness and the 
doping of the films are adapted to obtain layers with a sheet resistance of approximately 
 ȍVT [Steinhauser 2005]. In this work, two thicknesses are mainly used for solar cell 
deposition: ZnO layers of about 1.8 and 4.5-ȝP-thick. This results in a small grain layer 
optimized for single junction a-Si:H solar cells (Type-A ZnO layer); and in a lightly 
doped, large grain layer (Type-B). A plasma post-treatment is usually applied to the 
surface of the Type-B LPCVD ZnO layer to obtain a Type-C layer, with possibly, 
different post-treatment durations. Typical scanning electron micrographs of these Type-
A, -B and -C layers are presented in Fig. 2.1. 
 
 
Fig. 2.1: Typical scanning electron micrographs of the Type-A, Type-B and Type-C ZnO layers used in this work. 
Type-A is the small feature sizes LPCVD ZnO layer optimized for a-Si:H solar cells, it has no or a short plasma 
post-treatment of its surface (< 5 min). Type-B is a thick, lightly doped, as-deposited large grain ZnO layer; and 
Type-C is a Type-B layer with a plasma post-treatment of its surface of typically 10 to 80-minute duration. 
 
 
2Pm 
Type-C Type-A Type-B 
2Pm 
2Pm 2Pm 
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2.1.2 Silicon deposition by the very high frequency plasma enhanced 
chemical vapor deposition (VHF-PECVD) technique  
The thin-film silicon layers fabricated in this work are deposited by very high 
frequency plasma enhanced chemical vapor deposition (VHF-PECVD) from the 
decomposition of silane, hydrogen and dopant gases [Curtins 1987]. Figure 2.2 illustrates 
very schematically the principle of operation of a PECVD reactor. It consists of a vacuum 
chamber with a gas mixture feed-in and a pumping unit which allow for process pressure 
regulation. Two parallel plate electrodes are mounted in the chamber. The substrate is 
charged in the upper grounded electrode (anode) while the second electrode (cathode) is 
powered by the VHF-source by means of a capacitive coupling. A glow discharge of the 
gas mixture in the chamber is then initiated and sustained by the VHF power. This leads 
to the decomposition of the species present in the gas phase into radicals and ions. These 
precursors in turn participate to the growth of a film. The unused gas are burned before 
the exhaust. 
 
 
 
 
 
 
 
 
 
Fig. 2.2 from [Torres 1998]: Schematic representation of a VHF-PECVD reactor. 
 
In this work, three different VHF-PECVD deposition systems have been used; they are 
listed in Table 2.1, with a brief description of the ranges of deposition parameters.  
 
Table 2.1: VHF-PECVD deposition systems used in this work. 
Description system C  system B KAI-S 
 
Origin in-house in-house Oerlikon Solar 
Dual chamber no yes no 
Substrate size (cm2) 8x8 cm2 8x8 cm2  35x45 cm2 
Excitation frequency (MHz) 70 MHz 110 MHz (doped layers) 40 MHz 
  120 MHz (intrinsic layers) 
Deposition pressure (ȝbar) 300-600 300-700 - 
Substrate temp. (°C) 200-250 200-250 - 
 
 
Pressure 
sensors Reactor 
Gas mixture 
VHF 
Valve 
Pumping 
Burner 
Exhaust 
Anode 
Cathode 
Substrate 
ป 
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The industrial system KAI-S was used for massive co-deposition of standard top cells 
for further thickness series of intermediate reflector layers (IRL) and/or IRL material 
comparisons. State-of-the-art a-Si:H top cells were first deposited in the single chamber 
system C while the bottom cells were deposited in the dual deposition chamber system B. 
In a second time, the entire micromorph tandem devices were deposited in the dual 
chamber system B. 
 
 
Fig. 2.3: Typical deposition sequence in a dual chamber deposition system (Ch1 and Ch2) for the fabrication of a 
micromorph solar cell with, our without, an intermediate reflector layer (IRL). After deposition of each doped layer 
in Ch1, this chamber is covered by a dummy a-Si:H layer. See text for details. 
 
Figure 2.3 schematically explains the deposition sequence for a micromorph solar cell 
with or without an IRL in a dual chamber deposition system (system B: Ch1 and Ch2). 
The first silicon layer is a highly doped p-W\SHȝF-Si:H film. Thanks to its heavy doping, 
the narrow depletion width in this layer allows for tunneling at the Schottky barrier 
formed by the ZnO/Si interface. A large energy bandgap p-type amorphous silicon 
carbide alloy is then deposited to build the built-in potential while keeping low the 
absorptions losses in this window layer. The top cell absorber is deposited under high 
dilutions of silane in hydrogen, this, in order to minimize light-induced degradation. After 
deposition of the n-type layer, the process continues with deposition of a fully 
microcrystalline bottom cell. Before this, an intermediate reflector can be deposited (in-
situ or ex-situ). For the problematic of the recombination junction between the top and the 
bottom cell, refer to the comprehensive study of Pellaton et al. in [Pellaton 1998]. The silane 
concentration SC is adapted during the deposition of the bottom cell absorber. This is to 
ensure that, growing conditions are maintained close to the transition between amorphous 
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DQGPLFURFU\VWDOOLQH JURZWK GXULQJ WKHZKROH GHSRVLWLRQ RI WKH LQWULQVLF ȝc-Si:H layer. 
After deposition of each doped layer in Ch1, this chamber is covered by a dummy 
intrinsic a-Si:H layer. At the end of this PECVD process, the back ZnO electrode is 
deposited by LPCVD and a dielectric white reflector is applied to the cell. 
2.2 Characterization techniques 
2.2.1 Illuminated current-voltage measurement (I-V) 
The current-voltage (I-V) characteristics of the illuminated solar cells are obtained 
under a class A steady-state dual lamp sun simulator (XS140s Wacom). The xenon lamp 
and the halogen lamp in the simulator reproduce the 1000 W/m2 AM1.5g solar spectrum 
which corresponds to the sun energy incident normalized at 1000 W/m2, at each 
wavelength, on a 37° sun-facing tilted surface relative to the horizontal under standard 
atmospheric conditions (see [IEC 2005] for a complete description of these standard 
conditions). The open-circuit voltage (Voc), the fill factor (FF), and the short-circuit 
current (Isc) are deduced from a four probe voltage sweep measurement operated with a 
Keithley 2700 sourcemeter. The room temperature is maintained at 25°C and a shutter 
allows illumination of the cell under measurement only during the few seconds needed for 
the I-V sweep. 
2.2.2 External quantum efficiency (EQE) 
External quantum efficiency (EQE) is a measure of the probability for an incident 
photon at a given wavelength to create an electron-hole pair that will contribute to the 
external current density of the solar cell. Experimentally, the solar cell under 
measurement is illuminated with a chopped light beam crossing a monochromator. At 
each wavelength, the photocurrent is measured and divided by the product of the 
elementary charge q and the incident flux of photons incident on the device. This flux is 
determined with a calibrated reference detector. 
EQE can be performed under a voltage bias in order to superimpose an external 
electric-field onto the internal field of the solar cell. In reverse bias condition, the 
collection of the generated carriers increases (recombination losses become negligible) 
and all generated electron-hole pairs are collected. By comparing the EQE curves with 
and without the reverse bias, one can therefore distinguish between optical and collection 
losses.  
Quantum efficiency measurement can also be used to evaluate the short-circuit current 
density (Jsc) of the solar cells by integration, over the wavelengths of the incident photons, 
of the product of EQE with the photon flux of AM1.5g spectrum. This method is more 
precise to determine Jsc than J-V measurement under a sun simulator with uncertainties of 
its spectrum, and when the area of the solar cell cannot be measured precisely. 
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Due to the series connection, the current of a multi-junction solar cell is limited by the 
sub-cell with the lowest photocurrent (limiting sub-cell). Therefore, for tandem solar 
cells, the EQE of the two component cells can be measured separately. The method was 
first proposed by Burdick et al. [Burdick 1986], and consists in the illumination of the tandem 
device by a colored bias light. When the tandem cell is illuminated with a blue bias light, 
the current photogenerated in the top cell absorber is much larger than in the bottom cell. 
Shining the low intensity chopped monochromatic light probe on the tandem, the current 
through the device will follow the photocurrent of the bottom cell, because it is the 
limiting one. Therefore with a blue bias-light, EQE of the bottom cell is measured. When 
a red bias light is used, the top cell becomes the limiting one and thus its EQE is 
measured.  
2.2.3 Ultra-violet, visible, and near infrared spectroscopy 
The total and diffuse transmittances spectra (Ttot and Tdif) of the LPCVD ZnO layers 
and the total reflectance spectrum (Rtot) of the silicon thin-film solar cells deposited in this 
work are measured with a Perkin Elmer dual beam UV/VIS/NIR Lambda 900 
spectrometer equipped with an integrating sphere. The light sources are deuterium and 
halogen lamps. A monochromatic beam produced by a grating monochromator over the 
wavelength range from 320 nm to 2000 nm is directed on the sample trough the entrance 
port of the integrating sphere. A second monochromatic beam enters the sphere through 
another entrance port (the reference beam in Fig 2.4). Two detectors (a photomultiplier 
and a lead sulphide detector) are placed inside the integrating sphere and measure the 
intensities of these two beams, which are discriminated with a chopper technique. The 
change in reflectivity of the sphere due to the open port and the sample is deduced from 
the intensity of the reference beam. This change of reflectivity is used to correct the 
measured intensity of the "sample beam". 
This equipment measures optical reflectance and transmittance of samples that diffuse 
the light. Before measurement of the sample, a calibration is performed by measuring a 
100% background, with a 100% reflectance reference (SpectralonTM) installed at the 
position "sample" in Fig. 2.4(b). Then, for transmittance measurements, the sample is 
placed at the entrance of the sphere (Fig. 2.4(a)); for reflectance measurement, it is placed 
at the rear side (Fig. 2.4(b)). To measure the diffuse part of the transmittance or 
reflectance the port at the opposite side of the sample must be opened (see Figs. 2.4(a) 
and (b)). With this setup, transmitted intensity diffused with a scattering angle larger than 
Į LVDUELWUDU\FRQVLGHUHGDVGLIIXVHVHH)LJ4(a)). 
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Fig. 2.4 adapted from [Steinhauser 2008b]: Schematic diagram of the configurations used to measure (a) the 
WUDQVPLWWDQFHDQG E WKH UHIOHFWDQFH VSHFWUDZLWKDQ LQWHJUDWLQJ VSKHUH7KH YDOXHRI WKHDQJOHĮ LQ D LV  LW
defines an arbitrary threshold of discrimination between specular and diffuse transmittance. 
2.2.4 Angular resolved scattering measurement (ARS) 
Angular resolved scattering measurements (ARS) are carried out with a set-up built at 
the IMT. In this work, measurements are performed with a laser beam (544 nm or 633 
nm) normally incident on the glass side of glass/ZnO structures (see Fig. 2.5). The 
angular distribution of the intensity scattered in transmission is measured with a silicon 
photodetector mounted on a goniometric arm and rotating in a plane normal to the 
direction of incidence. The diameter of the laser beam is about 1.5 mm and the length of 
the arm of the photogoniometer is such that the radius of the observation hemisphere is 
115 mm. Assuming an isotropic scattering over the azimuthal angle ĳ, only the polar 
DQJOHș is scanned. This is done with a stepper motor by increments of 1.44°, from -90° to 
+90°. The intensity diffused for each value of ș is measured with a lock-in detection 
technique using a Stanford Research instrument SR830 lock-in amplifier. ARS 
measurements can be represented in two ways:  
(1) The normalized radiant intensity defined as $56ș   ,ș/P0   G3Gȍ!30 is 
plotted on a logarithmic VFDOHYHUVXVWKHVFDWWHULQJDQJOHșZKHUH,ș = <G3Gȍ!LVWKH
radiant intensity measured in units of watts per steradian with the photogoniometer, P0 is 
the total incident power, and the brackets <·> denote an average over the ensemble of 
realizations of a random process. When the illuminated surface area is much larger than 
the wavelength of the incident laser beam, this ensemble averaging is inherently 
contained in the experimental data [Elson 1980]. 
(2) The total intensity scattered at the angle ș is calculated by integration over the 
azimuthal angle ĳ and plotted versus ș [Stiebig 2000, Schulte 2007]. Considering an isotropic 
scattering over ĳ, the integration over ĳ yields a simple multiplication by a factor sin ș. 
The total intensity profile ARS(ș)·|sin ș| is proportional to the probability density function 
Chapter 2: Deposition and characterization techniques 
27 
associated, in the scattering process, to the angular distribution function (ADF) of the 
possible values for ș [Krc 2002]. Therefore, the most probable scattering angle corresponds 
to the position of thHPD[LPXPRIWKHSURILOH$56șÂ_VLQș_ 
 
Fig. 2.5: Determination of the angular distribution of the intensity scattered in transmission trough glass/ZnO 
structures by angular resolved scattering measurement (ARS).  
 
2.2.5 Conductive atomic force microscopy (C-AFM) 
Conductive atomic force microscopy (C-AFM) measurements are performed in air 
with a Dimension 3100 scanning probe microscope from Digital Instruments operating in 
contact mode (see Fig. 5.8 in chapter 5). The cantilever spring constant is about 40 N/m, 
and the tip is made of phosphorus-doped Si coated with a doped diamond layer. The tip is 
connected to a current-voltage converter (trans-impedance amplifier). The polarization of 
the tip is maintained to the ground potential by the input of the trans-impedance amplifier 
while a bias voltage Vbias is applied to the front contact of the sample. This allows an 
electric current flowing through this contact and the tip via the probing point. While the 
tip is scanning on the surface of the sample, current maps and topography pictures are 
acquired. 
  
T
O = 544 or 633 nm 
Beam diameter: ~1.5 mm 
Glass 
ZnO layer 
Silicon photodetector 
 
Radius of observation 
hemisphere: 115 mm 
 
ĳ
Chapter 2: Deposition and characterization techniques 
28 
2.2.6 Scanning Kelvin probe microscopy (SKPM) 
 
The principle of operation of scanning Kelvin probe microscopy (SKPM) is based on 
the contact potential difference VCPD, evidenced by Lord Kelvin, between any two faces 
of two metals with different work functions. VCPD is given by the difference of the work 
functions, including changes due to adsorption layers on these surfaces [Nonnenmacher 1991]. 
,I : LV WKH XQNQRZQ ZRUN IXQFWLRQ RI D VDPSOH DQG :¶ LV WKH ZRUN IXQFWLRQ RI D
reference metallic probe, VCPD is given by:  
 
 VCPD = -1/q · (W ± W¶),        (2.1) 
 
where q is the (positive) elementary charge of the electron. Fig. 2.6 schematically 
explains the built-up of the potential difference VCPD producing an electric-field in the 
region between two metallic surfaces, for the case without surface band-bending.  
To determine the work function of a sample, Zisman proposed the vibrating capacitor 
method in 1932 where a vibrating reference metallic probe is placed just above the 
surface to be characterized. In this technique, an external DC voltage Vext is applied 
between the reference probe and the sample. Because the probe is vibrating, the 
equivalent capacitance C(t) formed by the probe and the surface changes periodically. As 
the probe and the sample are electrically connected, the charge Q(t) transferred between 
them at the time t permanently accommodates. This maintains VCPD constant and thus the 
equilibrium of the system:  
 
Q(t) = C(t) · (VCPD+Vext).        (2.2) 
Fig. 2.6: Schematic energy band diagrams, without surface bend-bending, for two metallic samples with different 
work functions W and W¶ZKHQWKHWZRVDPSOHVDUHDHOHFWULFDOO\LQVXODWHGDQGELQFRQWDFWİvac refers to the 
YDFXXPHQHUJ\OHYHOİF DQGİF¶DUHWKH)HUPLOHYHOVRIWKHWZRVDPSOHVUHVSHFWLYHO\2QFHWKH\DUHSXWLQWRFRQWDFW
an electrical current takes place until equilibrium is reached. The total charge transfer needed to reach equilibrium 
LH WR HTXDOV İF DQG İF¶ LV QRWHG4DQG LQGXFHVDQ HOHFWULF-field between the two surface corresponding to the 
contact potential difference VCPD =-1/q·(W ± :¶ZKHUHTLVWKHSRVLWLYHHOHPHQWDU\FKDUJHRIWKHelectron. 
(a) (b) 
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W HF¶
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The resulting electrical current I(t) can be nullified by tuning Vext to the value -VCPD. This 
provides an indirect measurement of VCPD between the reference probe and the surface of 
the sample: 
 
I = dQ/dt  
= dC/dt · (VCPD+Vext) 
 = 0 when Vext = -VCPD.         (2.3) 
 
With the aim to obtain maps of the local work function with a high lateral resolution, 
Nonnenmacher et al. invented, in 1991, the Kelvin probe force microscopy [Nonnenmacher 
1991]. It consists to measure a force instead of a current, making usage of the tip of an 
DWRPLF IRUFH PLFURVFRSH $)0 2Q FRQWUDU\ WR WKH =LVPDQ¶V WHFKQLTXH LQ WKH
1RQQHQPDFKHU¶V WHFKQLTXH WKH SUREH WLS LV QRW YLEUDWLQJ E\ PHDQV RI D PHFKDQLFDO
excitation. Instead, the bias voltage applied between the tip and the surface is formed by 
an ac component Vac·sin(Ȧt) with circular frequency Ȧ superposed to a dc component Vdc. 
This induces an electrostatic force between the tip and the surface, normal to its plane, 
given as a first approximation by (see e.g. [Ballif 2001]): 
 
) ò&¶>9dc + Vac sin(Ȧt) ± VCPD]2 = F0 + F1 sin(ȦW) + F2 cos(2ȦW),  (2.4) 
 
ZKHUH &¶ GHULYHV IURP WKH WLS-sample capacitance and where the amplitude of the Ȧ
component of the Coulomb force interaction between the tip and the sample is given by:  
 
F1 = -&¶9dc ± VCPD).        (2.5) 
If the dc voltage bias Vdc added to the tip equals and compensates VCPD, then F1 cancels 
and the corresponding vibration of the AFM PLFURVFRSH¶V FDQWLOHYHU DW WKH FLUFXODU
IUHTXHQF\ȦYDQLVKHV7KHVFDQQLQJ.HOYLQSUREHIRUFHPLFURVFRS\KHUHDIWHUFDOOHGDELW
shortly scanning Kelvin probe microscopy (SKPM), consists in recording those values of 
Vdc needed to cancel F1. 
Figure 2.7 shows a schematic diagram of the SKPM set-up used in this work. The 
SKPM experiments are performed in air at the same time as non-contact AFM using a 
ThermoMicroscopes Autoprobe CP Research system. The Si probe has a small cantilever 
spring constant of about 2 N/m and is platinum-coated at the tip side. The first cantilever 
resonant frequency (ȦrʌRI DERXWN+] LVXVHG IRU WKH WRSRJUDSKLF LPDJLQJ $)0
image). For the Kelvin probe, the frequency ȦʌRI WKHDFYROWDJHDSSOLHG WR WKH WLS LV
about 20 kHz. The Ȧ component of the vibration of the cantilever is sensed using a lock-
in detection technique (SR830 DSP Lock-in Amplifier from Stanford Research). Vdc is 
produced and regulated by connecting a proportional-integral (PI) servo-controller (ECAP 
Interface Module from Park Scientific Instruments) between the output of the lock-in 
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amplifier and the tip. As the servo-controller contains an integrator, the absolute value of 
Vdc LQFUHDVHV XQWLO LWV LQSXW VLJQDO LH WKH Ȧ FRPSRQHQW FDQFHOV &RQVHTXHQWO\ 9dc 
equals VCPD and is thus recorded during the scan to produce the SKPM potential image. 
This image corresponds to the distribution of the electrochemical surface potential on the 
surface of the sample. A higher (smaller) value in the SKPM potential image corresponds 
to a smaller (higher) local work function on the surface of the sample. During the SKPM 
measurement, the sample can be biased with the voltage Vbias. 
In our case, the tip probe is metallic (platinum-coated) and the sample is a 
semiconductor ȝF-Si:H, see chapter 5). Therefore, the energy band diagram of the system 
tip-surface is complicated by the band bending of amplitude  ȥ produced at the surface of 
the semiconductor by filling of electronic surface states and possibly by surface 
contamination, oxidation, and water adsorption. This is illustrated in Fig. 2.8. From this 
figure we see that VCPD, accessible by SKPM measurements, is given by: 
 
VCPD = -TÂ>:m ± (Ȥsc + ǻEFn + ȥ)],      (2.6) 
 
Fig. 2.7: Schematic diagram of the SKPM setup for simultaneous topographic (AFM image) and VCPD (SKPM 
image) measurements, including an atomic force microscope (AFM) Autoprobe CP Research from 
ThermoMicroscopes, a lock-in amplifier SR830 DSP from Stanford Research and proportional-integral (PI) 
controller ECAP from Park Scientific Instruments. During the SKPM measurement, the sample can be biased with 
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where Wm LV WKH ZRN IXQFWLRQ RI WKH PHWDOOLF WLS Ȥsc the electron affinity of the 
VHPLFRQGXFWRU ǻ(Fn the distance between the bottom of the conduction band and the 
)HUPLOHYHOLQWKHEXONRIWKHVHPLFRQGXFWRUDQGȥWKHDPSOLWXGHRIWKHEDQGEHQGLQJDW
the surface of the semi-FRQGXFWRU 7KHUHIRUH DV ȥ FDQ FKDQJH RYHU WKH VXUIDFH RI WKH
sample area, it is clear that the direct application of the SKPM technique cannot give 
without ambiguity information concerning the bulk of the semiconductor. This is the 
reason why in chapter 5, we will often consider differences of SKPM measurements 
induced by variations of the bias voltage Vbias applied to the sample. 
 
 
 
 
 
 
 
 
 
(a) (b) 
Fig. 2.8: Energy-band diagram of the system metallic tip±semiconductor, with a band-EHQGLQJRIDPSOLWXGHȥDWWKH
surface of the semi-conductor, (a) when the two surfaces are in contact and (b) when an external Vext is applied 
between the tip and the sample (such as Vext LQ)LJİvac UHIHUVWRWKHYDFXXPHQHUJ\OHYHOİF to the Fermi level, 
Wm to the work-function at the surface of the metallic probe, Ȥsc WRWKHHOHFWURQDIILQLW\RIWKHVHPLFRQGXFWRUǻ(Fn to 
the distance between the bottom of the conduction band and the Fermi level in the bulk of the semiconductor. 
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3 Modification of the surface morphology of LPCVD ZnO  
layers by means of plasma post-treatments 
 
In this chapter, modifications of the surface morphology of as-grown textured ZnO 
layers are demonstrated. The modification method consists in a plasma treatment, applied 
after deposition (post-treatment), to the surface of the layer. A motivation for a change of 
surface morphology is given in section 3.1. After a description of the experimental 
methods in section 3.2, we study the effect of different compositions of the plasma 
discharge in section 3.3. In section 3.4, we examine localy the progressive change of the 
surface morphology when the duration of the post-treatment is increased. In section 3.5, 
we summarize and comment on these results. 
3.1 Introduction 
The front transparent conductive oxide (TCO) layers used at IMT are ZnO:B films 
deposited by the low pressure chemical vapor deposition (LPCVD) technique. The 
surface of these layers is covered by pyramid-like features which provide an efficient 
light scattering for single-junction in amorphous silicon (a-Si:H) solar cells [Fay 2003, Meier 
2003]. A decrease of the free carrier absorption (FCA) in the film can be achieved if it is 
lightly doped. Moreover an increase of the haze in transmission (fraction of the diffuse 
light intensity over the total transmitted intensity) produced by its rough surface texture is 
obtained if it is made of large grains. This can be obtained if thicker layers are deposited 
with a smaller gas phase doping ratio [Steinhauser 2005]. Using these thicker ZnO:B films as 
front TCO layer, an improvement of the short-circuit current density (Jsc) is found for 
single junction PLFURFU\VWDOOLQHVLOLFRQȝc-Si:H) solar cells [Steinhauser 2005, Feitknecht 2005] 
and micromorph cells [Dominé 2005] +RZHYHU GHSRVLWLRQ RI ȝF-Si:H solar cells on as-
grown layers with larger grains systematically leads to a dramatic decrease of open-circuit 
voltage (Voc) and fill-factor (FF) [Feitknecht 2005]. Previous findings concerning the 
aSSDULWLRQRIFUDFNV LQȝF-Si:H material near the valleys of surface-textured TCO layers 
[Nasuno 2001, Bailat 2003], suggest to change the morphology of the surface of the thick 
LPCVD ZnO:B layers. Following Nasuno et. al in [Nasuno 2001], the idea is to increase the 
opening angle of theses valleys. Here we suggest that increasing the radius of curvature 
near the bottom of the valleys is a less restrictive but still sufficient condition to mitigate 
the above mentioned decreases of Voc and FF. 
3.2 Experimental 
The LPCVD ZnO:B layers are deposited on glass plates from diethylzinc (DEZ) and 
water vapors, and from diborane (B2H6) used as the doping gas. Details of the process  
can be found in [Fay 2003] and [Steinhauser 2008b]. The thickness of the layers is approximately 
ȝP The plasma treatments with discharges of argon (Ar), oxygen (O2) or nitrogen 
(N2) used to modify their surface morphology are performed in a reactive ion etching 
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(RIE) vacuum system, at a power density of 1 W/cm2, pressure of 8ȝEDUDQGH[FLWDWLRQ
frequency of 13.56 MHz. The resulting surface morphologies are characterized by 
scanning electron microscopy (SEM). Some ZnO layers are characterized by atomic force 
microscopy (AFM) performed in the non-contact mode. The root mean square (rms) value 
of their surface roughness (ırms) is calculated from the AFM data (256 x 256 data points 
on a 10 x 10 ȝm2 surface area). Histograms of local angle vs. the normal to the plane of 
the substrate are also calculated from these data. 
For analyzing the evolution of the surface morphology of the same region of interest, 
AFM microscopy is performed (i) just after deposition of the ZnO:B layer, (ii) after a 
plasma post-treatment of 40 minutes, and (iii) after an additional treatment of 40 minutes 
(i.e. after a cumulated duration of 80 minutes). Care is taken to perform the 3 scans (512 x 
512 data points on a 5 x 5 ȝm2 surface area) precisely at the same location. The final 
alignment is performed on the AFM pictures themselves by successive shifts and rotations 
in the x-y plane. The best alignment between two pictures F1 and F2 is achieved when 
their cross-correlation at the origin ¦¦  
nm
nmFnmFFF ),(),()0,0( 2121  is maximized. 
3.3 Comparison of plasma compositions: results and discussion 
Figures 3.1(a) to (d) show SEM micrographs of the surface of the ZnO layers as-
deposited and after 60 minutes of post-treatment, with a plasma discharge of Ar, N2, and 
O2, respectively. 
 
  
   
 
 
 
   
 
Fig. 3.1: SEM micrographs of LPCVD ZnO layers (a) as deposited, and after 60 minutes of post-treatment with 
a plasma discharge of (b) oxygen, (c) argon and (d) nitrogen. All the treatments are performed with a power 
density of 1 W/cm2 DWDSUHVVXUHRIȝEDU  
(a) (b) 
(d) (c) ȝP ȝP 
ȝP ȝP 
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For the different post-treatments shown in Fig. 3.1, the decreasing trends of the rms 
VXUIDFH URXJKQHVV ırms) of the ZnO layer with increasing treatment times are plotted in 
Fig. 3.2. 
 
 
 
 
 
 
 
 
 
 
 
The SEM micrographs in Fig. 3.1 qualitatively indicate that different types of 
morphologies are achieved if the surface treatment involves only physical etching or if it 
also includes chemical reactions with the surface, as it seems to be the case with O2 and 
with N2. Indeed, the rate of decrease of the rms roughness is 82% larger with the N2-
plasma compared to the post-treatment with the Ar-plasma. However, with N2, the 
morphology does not seem to remain smooth as small asperities even seem to be created. 
3.4 Evolution of the morphology with an increasing post-treatment  
 time: result and discussion 
For a plasma post-treatment with well chosen process parameters, Fig 3.3 shows AFM 
images and height profiles measured at exactly the same location of the ZnO layer, just 
after deposition, after 40 minutes of surface post-treatment, and after 40 additional 
minutes of treatment. It appears nicely in the height profiles of Fig. 3.3 (d-f) that the radii 
of curvature at the bottom of the valleys increase when the duration of the treatment is 
increased. Also, the profiles show (especially B-%¶What tops and edges of the pyramids 
become sharper after the post-treatment. Note in Fig. 3.3 (e), at the position 1600 nm, that 
small corrugations at the bottom of the valleys are cleaned up after the first post-
treatment.  
Therefore, the post-treatment changes the V-shaped valleys between the pyramidal 
structures at the surface of the ZnO layer into broad U-shaped valleys. Moreover, small 
corrugations are cleaned up. We see also that, on the contrary to the case of the valleys, 
the radii of curvature along the edges of the pyramids become smaller.  
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Fig. 3.2: Evolution of the rms surface roughness with argon, oxygen and nitrogen plasma discharge. All the 
treatments are performed with a power density of 1 W/cm2 DWDSUHVVXUHRIȝEDU The lines are the result of a 
linear fits. According to these fits, the ratHVRIFKDQJHRIırms are -74, -85 and -135 nm per 10 minutes of argon, 
oxygen and nitrogen plasma post-treatment, respectively. 
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For this plasma post-treatment, Fig. 3.4 shows SEM micrographs of ZnO samples after 
respective treatment durations of 0, 40, 80 and 140 minutes. In Fig. 3.5, the histograms of 
angle distribution vs. the plane of the substrate (local slope) are given for various 
treatment times. Even after prolonged treatment time (40 minutes), a high average angle, 
between 45° and 50°, is obtained. Whereas longer treatments (> 60 minutes) lead to a 
large fraction of flat areas (local angles smaller than typically 30°). 
3.5 Conclusion 
We demonstrated that changes of the surface morphology of LPCVD ZnO layers can 
be carried out by a variety of plasma post-treatments and quantified those changes. It is 
possible to change the sharp V-shaped valleys into broad U-shaped valleys by 
continuously increasing their radii of curvature. The choice of the optimal plasma 
parameters is actually not trivial because, ultimately, it requires the re-optimization of the 
solar cell processing parameters for each kind of substrate. However, we believe that a 
(b) 
(c) 
(a) 
(d) 
(e) 
(f) 
Fig. 3.3: (a)-(c) Atomic force microscopy images of the same region of interest (a) just after deposition of the ZnO:B 
layer, (b) after a post-deposition plasma treatment of 40 minutes and (c) after 40 additional minutes of plasma post-
treatment (i.e. after a cumulated  duration of 80 minutes. The horizontal lines in (a)-(c) indicate the position of the 
height profiles A-$¶%-%¶DQG&-&¶SORWWHGLQGHDQGIUHVSHFWLYHO\,QGHDQGI WKHHYROXWLRQRIWKH
profile considered is plotted in the same graph.  
as deposited 
VXUIDFHWUHDWPHQW¶
VXUIDFHWUHDWPHQW¶
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qualitative judgment of the morphology from SEM micrographs or AFM images is 
already a good starting point.  
We will see in chapter 4 the advantages, in terms of Voc and FF of the solar cells, of the 
change of morphology presented in section 3.2 and 3.3. However, as these changes are 
accompanied by a linear decrease of the rms roughness of the surface we can expect a 
possibly detrimental decrease of the haze in transmission for layers with post-treatment. 
Moreover, the change of morphology also impacts the angular distribution of the light 
scattered by the rough surface. These optical considerations will be discussed all through 
chapter 6 and chapter 7.  
 
¶ 
(a) (b) 
(c) (d) 
Fig. 3.4: SEM micrographs of LPCVD ZnO layers (a) as deposited, (b) after 40 minutes, (c) after 80 minutes and 
(d) after 140 minutes of the same plasma post-treatment as in Fig. 3.3.  
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a) ZnO LPCVD no treatment 
 
b) ZnO LPCVD + WUHDWPHQW¶ 
 
c=Q2/3&9'WUHDWPHQW¶ 
 
d) ZnO LPCVD + treatment ¶ 
 
e=Q2/3&9'WUHDWPHQW¶ 
 
I=Q2/3&9'WUHDWPHQW¶ 
 
Fig. 3.5: AFM pictures of LPCVD ZnO layers (a) as deposited, (b) - (f) after 20, 40, 60, 80 and 140 minutes of the 
same plasma post-treatment as in Figs. 3.3 and 3.4. Next to each AFM picture, is shown the corresponding histogram 
of the local angle of the surface with respect to the plane of the layer.  
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4 Influence of the surface morphology of the front ZnO layer  
  on the electrical performances of the device 
 
The effects of a modification of the surface morphology of the transparent conductive 
oxide (TCO) layer used as substrate for deposition of silicon thin-film solar cells are 
demonstrated. For this purpose, the plasma post-treatments presented in chapter 3 are 
used to change steep V-shaped valleys on the surface of zinc oxide layers into  
broad U-shaped valleys. After a short historical review in section 4.1, experimental details 
are given in section 4.2. The effects of this modification of surface morphology on the 
growth of microcrystalline silicon are then presented in section 4.3. In that section, the 
influence of the plasma post-treatment on the electrical performances of silicon thin-film 
solar cells is also presented. In section 4.4, we discuss the physical origin of defective 
regions in silicon thin-films deposited on a substrate with V-shaped valleys. Conclusions 
follow in section 4.5.  
4.1 Introduction 
Sakai et al. first reported on the apparition of cracks in amorphous silicon (a-Si:H) near 
the valleys of the TCO layers used for deposition [Sakai 1990]. They reported that the white 
stripelike regions observed by transmission electron microscopy (TEM) near the valleys 
are defective. From dark current-voltage measurement of a-Si:H solar cells, they 
concluded that the defects act as recombination centers of carriers. For microcrystalline 
VLOLFRQȝF-Si:H) solar cells, Nasuno et al. proposed that the average slope of the surface 
morphology can be used to mitigate the harmful effect of grain boundaries [Nasuno 2001]. 
Bailat et al REVHUYHG E\ 7(0 WKH SUHVHQFH RI FUDFNV RU QDQRSRURVLWLHV LQ ȝF-Si:H 
material near the valleys formed by the surface morphology of ZnO layers deposited by 
the low pressure chemical vapor deposition (LPCVD) technique [Bailat 2003]. The 
systematic decrease of Voc and FF observed by Feitknecht et alZKHQȝF-Si:H solar cells 
are deposited on LPCVD ZnO layers with an increasingly large rms value of their surface 
URXJKQHVVırms) [Feitknecht 2005] led to the modification of substrate morphology by means 
of a plasma post-treatment presented in chapter 3. In the present chapter we show the 
effect of this change of morphology on ȝF-Si:H material grown on modified LPCVD ZnO 
layers and on the performances of silicon thin-film solar cells deposited in the pin 
configuration. The results are also reported in [Bailat 2006] and in [Dominé 2006].  
4.2 Experimental 
The LPCVD ZnO layers used in this study are the same as those presented in chapter 3 
WKLFNQHVVDQGVKHHW UHVLVWDQFHRIDSSUR[LPDWHO\ȝPDQGȍVT UHVSHFWLYHO\The 
plasma post-treatment (from 0 to 140 minutes), used to modify the surface morphology, is 
realized in a reactive-ion etching (RIE) vacuum system. The surface morphology of the 
layers LVFKDUDFWHUL]HGE\VFDQQLQJHOHFWURQPLFURVFRS\6(0DQGWKHırms value of their 
Chapter 4: Influence of the surface morphology of the front ZnO layer on the electrical performances  
40 
surface roughness is determined from atomic force microscopy (AFM) measurements. 
The microcrystalline silicon solar cells are then deposited by very high frequency (VHF) 
plasma enhanced chemical vapor deposition (PECVD) as presented in section 2.1.2. Two 
dHSRVLWLRQ UHJLPHV DUH FRPSDUHG IRU WKH JURZWK RI WKH LQWULQVLF ȝF-Si:H layer: ³ORZ
SUHVVXUH´ deposition regime (lp) with a VHF power of 10 W injected in the plasma 
GLVFKDUJHDQGDSUHVVXUHRIȝEDUGXULQJWKHSURFHVVDQG³KLJKSUHVVXUH´deposition 
regiPH KSZLWK WKH VDPH9+) SRZHU EXW SUHVVXUH LQFUHDVHG WR  ȝEDUThe silane 
concentration in the gas mixture is adapted to keep, in both cases, the deposition 
conditions close to the transition between growth of microcrystalline and amorphous 
material. The same deposition time is used for both regimes and the thickness of the 
resulting intrinsic layers is comprised between 1.4 and 1.8 Pm. The rear contact consists 
of a ZnO layer covered with a white dielectric reflector. The cells area (~20 mm2) is 
defined by lift-off of the back ZnO layer and SF6 plasma etching of the silicon layers. The 
short-circuit current density (Jsc) is calculated from the measurement of the external 
quantum efficiency (EQE) curve. Note that because of the small cell area we are likely to 
underestimate the current with that method (light trapped in the glass). The current-
voltage characteristics are measured under a WACOM solar simulator in standard test 
conditions (25°C, AM1.5g spectrum) and calibrated with the Jsc values obtained from the 
EQE measurements. For comparison, two samples are prepared by the tripod method 
[Benedict 1992] and analyzed by transmission electron microscopy (TEM) using a Philips 
CM200 microscope operated at 200 kV. For some samples, secondary ions mass 
spectroscopy (SIMS) is performed using a Cs+ primary ion beam.  
4.3 Results  
The surface morphology of a ZnO layer is shown in Fig. 4.1(a). Pyramid-like surface 
objects appear separated by steep V-shaped valleys. Some small asperities and pyramids 
are randomly distributed between larger surface objects. By contrast, after 80 minutes of 
plasma post-treatment (Fig. 4.1(b), the smaller features in the bottom of the valleys have 
disappeared leaving only a network of salient edges. The flat facets of the pyramids 
become concave and the steep V-valleys change into broader U-valleys. In chapter 3 we 
showed that these modifications occur progressively with the duration of the surface 
treatment. The involved process likely consists in a sputtering and re-deposition process, 
as ZnO is found after the treatment on glass plates placed next to the ZnO coated 
substrate. This sputtering and re-deposition mechanism could also explain why the ZnO 
layer thickness does not change during the process. 
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Fig. 4.1: SEM micrographs of the different surface morphologies of front LPCVD ZnO layers a) without treatment 
and b) with 80 minutes of plasma post-treatment. 
 
 
 
 
Fig 4.2: TEM micrographs of two typical cross-sections of pin microcrystalline silicon solar cells grown on rough 
LPCVD ZnO layer a) without treatment and b) with 80 minutes of plasma post-treatment. The rough ZnO layers 
appear in dark contrast at the bottom of the micrographs. 
 
This surface treatment offers a unique opportunity to study the influence of different 
front TCO morphologies on the growth, microstructure and performances of 
microcrystalline silicon solar cells. In the TEM micrograph of the sample without plasma 
post-treatment (Fig 4.2(a)), long cracks and voids extend within the whole intrinsic layer 
from the bottom of most valleys towards the bottom of the cell (i.e. the top of the 
micrograph). On the contrary, no crack or void is visible in Fig. 4.2(b) for the sample with 
post-treatment.  
Surprisingly, the presence of these much localized defective regions, occupying a 
small volume fraction of the ȝF-Si:H material, can be indirectly detected with a bulk 
analysis method. Indeed, Fig. 4.3 shows that the contamination of the bulk of the device 
by oxygen, measured by SIMS depth profiling, is three to nine times larger for a cell co-
deposited on a ZnO layer with only 20 minutes of post-treatment, compared to 60 
minutes. The deposition time of the intrinsic layer was kept constant with the two 
deposition regimes (lp and hp). The intrinsic layer is about 1.4-ȝP-thick when deposited 
in the hp regime and 1.7-ȝP-thick when deposited in the lp regime. We see directly in the 
SIMS profiles that, for the intrinsic layer with the lower deposition rate (hp regime), the 
oxygen contamination is reduced by a factor two to three. However this improvement  
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Fig. 4.3: SIMS depth-profiles of the oxygen content in pin ȝF-Si:H solar cells deposited on rough LPCVD ZnO layers 
with 20 minutes (dashed lines) or 60 minutes (continuous lines) of plasma post-treatment duration (tPT). The clear 
(dark) lines correspond to the cell with an intrinsic layer deposited at 350 ȝbar (700 ȝbar). The back-contact of the 
devices is removed for the SIMS analysis. The left-hand side corresponds to the surface of the sample. 
 
is effective for deposition on the substrate with the long post-treatment only. It is 
absolutely ineffective for ȝc-Si:H material grown on the substrate with the short post-
treatment. 
The preceding result gives an indication that the contamination by oxygen origins 
from air exposure of the sample. The physical mechanism involved could be water 
adsorption at the surface of the porous structures constituting the cracks [Finger 2005]. The 
slopes of the tails of oxygen contamination at the left-hand side in Fig. 4.3 support this 
hypothesis.  
A direct evidence of contamination of the device from air-exposure is given in  
Fig. 4.4. This figure shows current-YROWDJH FKDUDFWHULVWLFV RI D SLQ ȝF-Si:H solar cell 
deposited on a moderately rough LPCVD ZnO (ırms < 60 nm) without post-treatment of 
its surface (therefore with V-shaped valleys). In this experiment, no encapsulation (e.g. by 
the white dielectric reflector) is used. After 14 days of exposure in-air, degradations of 
6.2% and 14.3% of the Voc and FF, respectively, occur. Note that this degradation is 
reversible under annealing of the sample for 90 minutes at 180°C. No degradation is 
observed when the sample is stored in vacuum (load-lock chamber of a deposition 
system) or when the cell is deposited on a LPCVD ZnO layer with a long enough plasma 
post-treatment (typically > 60 minutes).  
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 Voc (mV) 
FF 
(-) 
before storage in dark 550 0.642 
2 days in air 524 0.590 
14 days in air 516 0.550 
   
 
 
 
 
 
 
 
Fig. 4.4: Degradation during storage in the dark, in contact with air, of a microcrystalline silicon solar cell 
deposited on a front LPCVD ZnO layer without plasma post-treatment. The current-voltage characteristics show 
that, after two days of storage in air, Voc and FF degrade by 4.7% and 8.1%, respectively. After a total of 14 days the 
final losses are 6.2% and 14.3%, respectively. No degradation occurs in vacuum.  
 
Figure 4.5 shows how WKH LQLWLDOSHUIRUPDQFHVRISLQȝF-Si:H solar cells deposited 
on the rough LPCVD ZnO layers are improved by the change of surface morphology: 
x after the first 20 minutes of plasma treatment, the open-circuit voltage (Voc), fill-factor 
(FF) and short-circuit current density (Jsc) increase, as the largest cracks causing the 
shunting of the solar cells disappear, 
x between 20 minutes and 40 minutes, Jsc, reaches a maximum whereas FF and Voc keep 
improving, 
x from 40 minutes to 140 minutes, Jsc decreases due to the flattening of the front TCO 
that reduces its light trapping capability. The simultaneous increase of Voc and FF and 
decrease in Jsc result in an almost constant efficiency of 9.2% for treatment times 
above 40 minutes. 
 
 
 
Fig. 4.5: Evolution of the electrical characteristics of the microcrystalline silicon solar cells in regards of the plasma 
post- treatment time: (a) Voc and FF, (b) Jsc, Jrev (at -2V) and conversion efficiency K. 
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In Fig. 4.5(b), the current densities deduced from EQE measurements performed with 
a reverse polarization applied to the device (Jrev), indicate that the very poor Jsc value 
obtained for the cell deposited on the as-deposited substrate (without plasma post-
treatment) is due to collection losses. The difference between Jsc and Jrev decreases when 
the duration of the post-treatment increases. This indicates a decrease of the rate of 
recombination of carriers in the bulk. In Fig. 4.6, we show the IV curve and EQE results 
obtained for the best μc-Si cells after process optimization. An efficiency of 9.9% is 
obtained with a Jsc of 24.7 mA/cm2 and FF of 74.1%.  
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Fig. 4.6: (a) IV curve of optimized Pc-Si:H solar cell on LPCVD ZnO with 60 minutes of surface post-treatment.  
(b) EQE of the same cell as in (a). 
 
The plasma-post treatment of the front TCO is also effective for pin single-junction  
a-Si:H and micromorph solar cells, as shown in Table 4.1. Indeed, when applying a 
³VWDQGDUG´ DPRUSKRXV 6L FHOO UHFLSHVoc and FF of the a-Si:H cells improve with the 
duration of the treatment, while Jsc decreases. Without surface treatment, the values of 
Voc, FF and Jsc are 868 mV, 72.3% and 15.18 mA/cm2, respectively. By applying a 60 
minute post-treatment to the front LPCVD ZnO layer, Voc and FF increase to 927 mV and 
75.1%, respectively, while Jsc decreases to 14.65 mA/cm2. The initial conversion 
efficiency is thereby improved from 9.5% to 10.2% by the surface treatment  
of 60-minute duration. 
 
Table 4.1: Electrical characteristics of single-junction a-Si:H solar cells and Voc values of micromorph tandem cells 
with different durations of the plasma post-treatment used on the front LP&9'=Q2PLQXWHVWDQGVIRU³QRVXUIDFH
WUHDWPHQW´ 
Treatment   Single-junction a-Si:H      Micromorph 
 time FF Voc Jsc Eff Voc 
 (min) (%) (mV) (mA/cm2) (%) (mV) 
 
 0 72.3 868 15.2 9.54 1322 
 20 75.0 896 14.8 9.95 1392 
 30 - - - - 1411 
 40 74.8 909 14.6 9.93 - 
 60 75.1 927 14.6 10.2 - 
(a) (b) 
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In the micromorph configuration, both the top and bottom cells benefit from the 
favorable surface morphology obtained on the front LPCVD ZnO layer. The surface 
treatment is, thus, efficient in increasing Voc of micromorph tandem solar cells. Table 4.1 
shows the evolution of the Voc values of tandem cells with respect to the duration of the 
surface treatment. Indeed, 30 minutes treatment improves Voc from 1.32 V to 1.41 V.  
The surface treatment influences the tandem current densities: a decrease is observed 
for both the top and the bottom cell. These effects will be discussed in details in chapter 7. 
4.4 Discussion 
The better FF and Voc with increasing treatment times are attributed to lower density 
of cracks within the intrinsic layer. The cracks indeed constitute a region where carrier 
recombination occurs. The nature of the cracks (indeed region of porous material) as well 
as their quantitative influence on the μc-Si cell properties are described in detail in the 
work of Python [Python 2006, Python 2008]. He showed that the cracks in ȝc-Si:H solar cells 
can be modeled by diode-like shunts, with a poor (large) reverse saturation current (J0). 
Similar conclusions have been obtained recently by Li et al. [Li 2009] for nip devices. 
If sufficiently large, these cracks could also act as conductive channels connecting the 
p- and n-layers causing thereby the shunting of the solar cells. In addition, the presence of 
cracks and voids within the intrinsic layer, favors the adsorption of water vapor from the 
atmosphere at the surface of the microcrystalline silicon grains which strongly degrades 
the quality of the intrinsic layer of the solar cells [Finger 2005]. We presume that the 
deposition regime lp, with a lower deposition rate, provides favorable conditions to the 
JURZWK RI D PRUH FRPSDFW ȝF-Si:H material. But we also presume that this favorable 
effect, is canceled by the presence of cracks. 
The smaller crack density in microcrystalline silicon layers grown on ZnO layer 
processed with the surface treatment is attributed to the U-shaped valleys, as seen from 
the TEM picture. A first possible reason for this is likely the different local growth rates 
at the surface of the substrate which stems from shading effects. This explanation was 
also proposed for a-Si:H in [Sakai 1990])RUWKHJURZWKRIȝF-Si:H on textured substrates, it 
has been successfully tested with numerical simulations by Python et al. [Python 2006]. The 
interpretation of these results is as follows. At pressures used for a-6L+ DQG ȝF-Si:H 
silicon deposition, the mean free path of the impinging species is 10-100 Pm, which is 
larger than the dimensions of the objects constituting the surface (typically 1 Pm). We 
assume here that the local deposition rate depends on the solid angle within which the 
impinging particles arrive onto the substrate: the larger is the solid angle the higher is the 
local deposition rate. This solid angle is reduced at the bottom of V-valleys as compared 
to the top of the pyramids and so is the local deposition rate. A lower deposition rate in 
turn inhibits the growth of the microcrystalline layer and produces cracks between 
microcrystalline grains. As a matter of fact, the cracks are predominantly observed at the 
bottom of V-shaped valleys rather than at the top of the pyramids ± where no shading 
effects can possibly take place. Conversely, when one considers broad U-shaped valleys, 
the solid angle in the bottom is even larger than at the top of the pyramids. The local 
deposition rate is therefore higher at the bottom of the U-shaped valley, avoiding thereby 
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the formation of defective grain boundaries. An alternative way to view the crack 
IRUPDWLRQLVDFROOLVLRQRIWKH³JURZWKIURQW´ 
In all cases, it appears that the radius of curvature of the valleys on a textured TCO is 
the relevant criterion to estimate if a substrate can be used for the growth of 
microcrystalline silicon solar cell. We estimate here that values from 50 nm and above are 
sufficient for this purpose.  
This plasma post-treatment applied to SnO2 coated glass substrates produces similar 
results as described above. These observations offer new possibilities for the optimization 
of solar cells on various types of substrates in pin or nip configurations. 
We should note that other kind of substrates such as the sputtered-etched TCO 
developed by IPV Jülich (see e.g. [Beyer 2007]), offer naturally a texture favorable for the 
μc-Si growth. By applying our treatment we are able, with a different TCO and a different 
morphology to reach efficiencies close to state-of-the-art values for μc-Si solar cell 
efficiency Ș    UHSRUWHG IRU WKH VSXWWHUHG-etched ZnO [Finger 2008], best certified 
efficiency of 10.1% as reported by Kaneka [Yamamoto 1998, Green 2009]).  
Finally we should note that, when no or shorter treatment is applied, it is still possible 
to recover better efficiencies than the reported 4.5% of Fig. 4.5(b), by playing on the 
PECVD deposition parameters. In particular, we have shown in [Python 2009a] that fewer 
cracks are formed when the deposition temperature is raised. Additional parameter 
modification (pressure, dilution) also allow a recovery of the cell parameters, but not to 
the extent allowed by the texture modification. Also we should note that the case of the 
micromorph devices, for which the geometry of the substrates is modified by the a-Si:H 
cell deposition, is different from that the pure μc-Si:H case (as it is unlikely that μc-Si:H 
single junction modules will be produced). 
4.5 Conclusion 
We demonstrate here that shading effects caused by an inappropriate surface 
PRUSKRORJ\ RI WKH VXEVWUDWH FDQ SURYRNH WKH JURZWK RI ȝF-Si:H with highly defective 
regions. These regions are detrimental to the electrical characteristics of the solar cells. 
This is still valid for a-Si.H but the effects in the electrical performances of pin a-Si:H 
solar FHOOV LV OHVV GUDPDWLF WKDQ IRU ȝF-Si:H devices. A plasma surface treatment 
transforming the V-shaped valleys into U-shaped valleys allows demonstrating the effect 
of different surface morphologies on the growth of microcrystalline silicon. The obtained 
U-shaped valleys allow the removal of the cracks because less shading effects occur and 
allow the realization of state-of-the-art microcrystalline devices with efficiencies close 
to 10%. 
In the next chapter, scanning electric-probe techniques, based on atomic force 
PLFURVFRS\ZLOOEHXVHGWRLQYHVWLJDWHPRUHDERXWWKHGHIHFWLYHUHJLRQVSURGXFHGLQȝF-
Si:H when the layer is deposited on a substrate without, or with a short post-treatment. 
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5 Investigation of the electric-ILHOG GLVWULEXWLRQ LQ ȝF-Si:H  
 p-i-n solar cells by cross-sectional SKPM and planar  
 C-AFM-based measurements 
 
In this chapter we present scanning Kelvin probe microscopy (SKPM) and conductive-
atomic force microscopy (C-AFM) analyses preformed on complete microcrystalline 
silicon ȝF-Si:H) solar cells. The aim of these microscopic analyses, is to give more 
insight into the electronic transport in the complex multi-phase ȝc-Si:H material, 
particularly when deposited on a surface-textured substrate. 
In section 5.1 we motivate the stuG\RIWKHHOHFWURQLFWUDQVSRUWPHFKDQLVPVLQȝF-Si:H 
at a nanometric scale and we situate the present work in the fields of the research in 
SKPM and C-$)0PHDVXUHPHQWVRQȝF-Si:H material and solar cells. In section 5.2 we 
present and discuss cross-sectional SKPM analysis of ȝc-Si:H solar cells. To complete 
these measurements we present then, in section 5.3, two new planar C-AFM-based 
measurement techniques performed on the n-type layer of ȝc-Si:H p-i-n solar cells. 
5.1 Introduction 
The relative role of drift and diffusion mechanisms involved in the carrier transport in 
ȝF-Si:H solar cells is an open question [Meier 1994] [Wyrsch 1998a]. Previous voltage-
capacitance and charge-collection (time of flight) experiments conducted by Wyrsch et al. 
suggested a drift controlled transport at the grain boundaries and a diffusion controlled 
transport inside the grains [Wyrsch 1998a,b]. Information about the electric-field distribution 
in the intrinsic layer is decisive for the comprehension and the optimization of the carrier 
FROOHFWLRQ HIILFLHQF\ RI ȝF-Si:H solar cells. In this chapter, we present nanoscale 
measurements of surface potentials on cross-VHFWLRQV RI ȝF-Si:H cells using scanning 
Kelvin probe microscopy (SKPM). Recently, this technique has been applied to the 
analysis of silicon thin-film solar cells deposited on flat substrates. Jiang et al. reported on 
SKPM measurements, with application of a bias voltage (Vbias) to the sample, on fractured 
cross-sections of a-Si:H n-i-p solar cells deposited on GaAs substrates [Jiang 2004]. 
Breymesser et al. reported on measurements, without Vbias, on polished cross-sections of 
ȝF-Si:H p-i-n cells deposited on a flat indium tin oxide layer [Breymesser 2001]. In the 
present work we go one step further and analyze, with a Vbias applied to the sample during 
the SKPM measurement, fractured and polished cross-VHFWLRQVRIȝF-Si:H p-i-n solar cells 
deposited on a surface-textured substrate. We also compare features in the SKPM pictures 
to features observed in transmission electron microscopy (TEM) micrographs.  
Conductive atomic force microscopy (C-AFM) experiments have been carried out by 
VHYHUDOJURXSVRQȝF-Si:H intrinsic layers (see [Kocka 2006] and [Cavallini 2007]) and, recently, 
oQFRPSOHWHȝF-Si:H solar cells deposited on rough Asahi U-type SnO2 substrates [Shen 
2007]. Because artifacts are very common when performing standard C-AFM 
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measurements (see for example [Kleider 2001] or [Shen 2007]), here we complete our cross-
sectional SKPM measurements with two different planar C-AFM-based electrical probing 
methods performed on the n-type layer of p-i-Q ȝF-Si:H solar cells. We call these two 
original methods near-Voc planar C-AFM and lock-in planar nanopotentiometry.  
Finally, we discuss our observations and emphasize the VSHFLDOUROHSOD\HGE\ȝF-Si:H 
cluster boundaries, where voids and cracks can take place, in the recombination 
mechanisms that FDQDIIHFWWKHSHUIRUPDQFHVRIȝF-Si:H solar cells deposited on surface-
textured substrates.  
5.2 Cross-sectional SKPM and comparison with TEM imaging 
5.2.1 Experimental  
7KHHQWLUHO\ȝF-Si:H p-i-n solar cells are prepared using very high frequency plasma 
enhanced chemical vapor deposition (VHF-PECVD) in a dual chamber deposition 
V\VWHP7KHWKLFNQHVVRIWKHLQWULQVLFOD\HULVȝm. The cells are grown on glass coated 
with a surface-textured front transparent conductive oxide (TCO). This front TCO is a 
zinc oxide (ZnO) layer deposited by low-pressure chemical vapor deposition (LPCVD). 
3ULRUWRȝF-Si:H deposition, the ZnO is exposed to a surface treatment in order to remove 
sharp pinches and therefore increase the Voc and FF value of the solar cell [Bailat 2006]. The 
back contact is a LPCVD ZnO layer and the cell area is patterned by SF6 plasma etching 
(0.25 cm2). The current density-voltage curves are measured using a two-source AM1.5g 
sun simulator (Wacom). When grown on the suitable substrates, the cells have high 
efficiencies of 8-9%. 
The cross-sections are either prepared by simple fracture of the samples using the 
procedure presented in [Ballif 2000] or by grinding and mechanical polishing. As 
schematically shown in Fig. 5.1, both the fractured and polished samples are electrically 
connected for the application of Vbias.  
 
 
 
 
 
 
 
Fig. 5.1: Schematic drawings of (a) a fractured cross-section and (b) a polished cross-section of a p-i-n ȝc-Si:H cell 
ready for analysis by SKPM. Both types of preparation allow for the application of a bias voltage Vbias during SKPM 
measurement. In (b), two samples are glued together in a sandwich configuration before polishing. 
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Prior to mechanical polishing, two samples are glued in sandwich configuration with 
epoxy. This permits a homogeneous polishing, normal to the plane of the substrate over 
the whole cross-section. In order to allow the electrical connection of the front and back 
contacts, the two samples are laterally shifted before gluing (see Fig. 5.1(b)). The 
mechanical polishing is performed using diamond lapping films with particle sizes 
GHFUHDVLQJIURPȝPWRȝP7RPLQLPL]HWKHKHLJKWRIWKHVWHSEHWZHHQWKH=Q2
DQGWKHȝF-Si:H layers, a final mechanical polishing using an aluminum oxide film with a 
grit size of 50 nm is performed, instead of the usual chemical-mechanical polishing with a 
suspension of colloidal silica particles. 
The SKPM measurements are performed in air at the same time as non-contact atomic 
force microscopy topography imaging with a ThermoMicroscopes Autoprobe CP 
Research system. The topographic imaging is obtained using the first resonant frequency 
(~60 kHz) of the cantilever, while a 20 kHz ac voltage is applied to the tip for the SKPM 
potential measurement (see chapter 2 for details). The surface potential measured over the 
multilayer stacks depends on oxidation and water adsorption effects and on surface charge 
trapped at surface states; this may induce different surface Fermi level pinning for the 
different layers of the device [Ballif 2001], [Jiang 2004]. Therefore, assuming that the filling of 
the electronic surface states does not change with variations of the bias voltage (Vbias) 
applied between the front and back contacts, we can calculate the change of potential in 
the bulk as the difference of the surface potentials measured with Vbias and in short-circuit 
condition [Ballif 2001]. The Vbias-induced electric-field profiles are then calculated as the 
first derivative of this difference [Jiang 2004]. By convention, a positive (negative) Vbias 
value corresponds to a forward- (reverse-) bias of the sample. 
For comparison of SKPM pictures and transmission electron microscopy (TEM) 
PLFURJUDSKV ȝF-Si:H solar cells are prepared by the tripod method [Benedict 1992] and 
analyzed by TEM in bright-field using a Philips CM200 microscope operated at 200 kV. 
5.2.2 Results 
SKPM on fractured cross-section 
Figures 5.2(a) and (b) show the AFM picture and the corresponding SKPM picture 
taken under reverse-ELDVFRQGLWLRQIRUDȝF-Si:H solar cell, deposited on a highly surface-
treated LPCVD ZnO layer, with an open-circuit voltage (Voc) of 541 mV and a fill-factor 
(FF) of 72.2%. The fracture procedure produces a rough cross-section with a typical 
corrugation value of 200 nm. The SKPM picture suffers from convolution with the 
topography; KRZHYHUWKHIURQW=Q2WKHȝF-Si:H, and the back ZnO layers can clearly be 
distinguished. SKPM analysis is performed in short-circuit (Vbias = 0 V), forward-bias 
(Vbias = 0.5 V) and reverse-bias (Vbias = -1 V) conditions. The potential profiles measured 
on the dashed lines in Figs. 5.2(a) and (b) are plotted in Fig. 5.2(c), after averaging  
over 11 consecutive scan lines: The corresponding modifications of the electric-field are 
plotted in Fig. 5.2(d).  
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Noise in the potential profiles is amplified by the derivative procedure and produces 
the ripple effect visible in the field profiles in Fig. 5.2(d). The electric-field induced by 
Vbias is confined to the first 500 nanometers after the p-i interface. At the electrical 
junction, the field is increased up to a maximum vaOXHRIÂ4 V/cm for a Vbias value  
of -1 V (reverse-bias) and is decreased by a maximum value of -Â4 V/cm for a Vbias 
value of 0.5 V (forward-bias). The position of the peak of the electric-field profile under 
the Vbias value of -1 V is shifted 60 nm toward the bulk of the intrinsic layer, compared to 
the position of the peak under the forward-bias condition. 
The apparent extension of the electric-field into the front contact is most likely due to 
the low spatial resolution of this measurement on a rough cross-section, as already 
observed for a-Si:H solar cells [Jiang 2004]. 
 
SKPM on a polished cross-section 
For a polished cross-VHFWLRQRIDȝF-Si:H solar cell deposited on a LPCVD ZnO layer 
with a short surface treatment (FF = 68.3% and Voc = 528 mV), Fig. 5.3 shows the AFM 
picture and the corresponding SKPM pictures taken under short-circuit, forward-bias 
(Vbias = 0.8 V) and reverse-bias (Vbias = -0.8 V) conditions. The AFM picture shows that 
the mechanical polishing produces scratches with a typical depth of 2 to 5 nm. The SKPM 
SLFWXUHV FOHDUO\ GHPRQVWUDWH WKDW WKH ȝF-Si:H layer is actually constituted of clusters 
growing from the peaks of the front TCO. SKPM potential profiles measured on the 
dashed lines in Fig. 5.3 and the corresponding variations in the electric-field distribution 
induced by Vbias are plotted in Fig. 5.4, after averaging over 11 consecutive scan lines. 
Vbias-induced variations of the electric-field profile are in the order of 104 V/cm and are 
 
Fig. 5.2: (a) AFM picture and (b) the corresponding SKPM picture taken under reverse-bias conditions (Vbias = -1 V) 
on a fractured cross-VHFWLRQRIDȝF-Si:H p-i-n solar cell. (c) SKPM potential profiles measured on the dashed lines in 
(a) and (b), after averaging over 11 consecutive scan lines, under short-circuit (SC), forward-bias (Vbias = 0.5 V), and 
reverse-bias (Vbias = -1 V) conditions. (d) Corresponding increase and decrease in electric-field induced by Vbias. 
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Fig. 5.3: (a) AFM picture and the corresponding SKPM pictures taken under (b) short-circuit 
(Vbias = 0 V), (c) forward-bias (Vbias = 0.8 V), and (d) reverse-bias (Vbias = -0.8V) conditions on a 
polished cross-VHFWLRQRIDȝF-Si:H p-i-n solar cell. 
Fig. 5.4: SKPM potential profiles measured on the dashed lines in Fig. 5.3, after averaging over 11 consecutive 
scan lines, and the corresponding change in the electric-field profiles induced by Vbias. 
Direction of 
positive E 
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mainly confined, depending on whether the measured profile is, near the p-i or near  
the i-n interface. As observed in the case of the fractured cross-section (Fig. 5.2), the pos-
ition of the peak of the electric-field profile under reverse-bias is shifted toward the bulk 
of the intrinsic layer, compared to the peak position under the forward-bias condition. 
For a larger area of the same cross-section, Fig. 5.5 shows the AFM picture and the 
corresponding SKPM pictures taken under short-circuit, forward-bias (Vbias = 0.8 V) and 
reverse-bias (Vbias = -0.8 V) conditions. The changes of the potential in the bulk for 
GLIIHUHQW ȝF-Si:H clusters under forward- and reverse-bias conditions are highlighted in 
Fig. 5.6, where the SKPM picture taken under short-circuit (Fig. 5.5(b)) is subtracted 
from the pictures taken under forward-bias (Fig. 5.5(c)) and reverse-bias (Fig. 5.5(d)). 
Note that this subtraction procedure is carried out after careful alignment of the SKPM 
pictures, taking features in the AFM pictures as points of reference.  
The first observation in Fig. 5.6 is that the cluster boundaries visible in Figs. 5.3  
and 5.5 (drops of ~150 mV in the SKPM potential) are no longer visible after the 
subtraction procedure. 
The gradient of the potential difference in Fig. 5.6 is equivalent to the Vbias-induced 
electric-field in the bulk beneath the surface of the cross-section. Under forward-bias  
(Fig. 5.6(a)), a gradient of the potential difference is visible at the p-i interface only near 
some peaks of the TCO and not near the valleys. Dashed lines drawn in Fig. 5.6(a) 
suggest this behavior is related WRȝF-Si:H clusters grown at the peak of the TCO. Under 
reverse-bias (Fig. 5.6(b)), the gradient induced by Vbias is located mainly at the p-i 
interface, except for the clusters with a potential gradient located at the i-n interface in 
forward-bias condition (marked with 'p' in Fig. 5.6). This suggests a p-type or n-type 
character for the different clusters, as indicated in Fig. 5.6. 
Fig.5.5: (a) AFM picture and the corresponding SKPM pictures taken under (b) short-circuit, (c) forward-bias, 
and (d) reverse-bias conditions on a polished cross-VHFWLRQRIDȝF-Si:H p-i-n solar cell. 
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The almost continuous dark stripe observed in Fig. 5.6(b) above the white dotted line 
(interface between the front ZnO and the p-W\SHȝF-Si:H layers) indicates that roughly the 
first 100 nanometers oI WKH LQWULQVLF ȝF-Si:H layer systematically presents a p-type 
character. 
Cross-sectional TEM analysis 
Figure 5.7 shows typical bright-ILHOG 7(0 PLFURJUDSKV RI ȝF-Si:H solar cells 
deposited on LPCVD ZnO layers. These micrographs clearly show that, on a surface-
WH[WXUHG7&2WKHȝF-Si:H layer is constituted of clusters containing columnar crystalline 
nanograins with lengths larger than 100 nm. Fig. 5.7(a) indicates that the clusters are 
either separated by cracks or by boundaries formed by the collision of columnar 
nanograins belonging to different clusters. Fig. 5.7DDOVRVKRZVWKDWWKHȝF-Si:H material 
grown on the valleys of the TCO is constituted by smaller, less-oriented nanograins; with 
a presumably smaller crystalline volume fraction. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.6: Subtraction of the SKPM picture taken under 
short-circuit condition (Fig. 5.5(b)) from the SKPM 
pictures taken under (a) forward-bias (Fig. 5.5(c)), 
and (b) reverse-bias (Fig. 5.5(d)) conditions. The 
GRWWHG OLQHV LQGLFDWH WKHSRVLWLRQRI WKHȝF-Si:H/ZnO 
interfaces. The dashed lines suggest boundaries 
between clusters with p-type and n-type characters. 
The p- or n-type character for the different clusters is 
indicated.  
(a) (b) 
Fig. 5.7: Bright-ILHOG7(0PLFURJUDSKRIȝF-Si:H p-i-n solar cells deposited on a LPCVD ZnO layer. (a) Enlarged 
YLHZVKRZLQJ WKH IURQW=Q2OD\HUDQGFOXVWHUVRIȝF-Si:H material containing elongated crystallites (with lengths 
greater than 1QPDQGVHSDUDWHGE\FOXVWHUERXQGDULHVZLWKFUDFNV7KHȝF-Si:H material on the valleys of the 
ZnO layer is formed by smaller crystallites. (b) Close-XSYLHZRIWKH=Q2ȝF-Si:H interface of another ȝF-Si:H p-i-n 
solar cell showing nano-cracks in the ȝF-Si:H on the side walls of the ZnO pyramids. 
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The micrograph shown in Fig. 5.7(b) indicates that not only large cracks at the cluster 
boundaries but also nano-cracks DUHSUHVHQW LQ WKHȝF-Si:H material, some starting from 
the side walls of the ZnO pyramids, as highlighted in Fig. 5.7(b),. 
5.2.3 Discussion 
Fractured cross-section 
Our results show that SKPM measurements can be performed on rough fractured cross-
sections of p-i-Q ȝF-Si:H solar cells deposited on surface-textured LPCVD ZnO. 
However, analysis of large areas is experimentally challenging due to the high 
corrugation of the fractured cross-section. 
Moreover, due to variations of the capacitive coupling between the tip and the sample 
surface, the interpretation of SKPM pictures taken on rough cross-sections is complicated 
by a convolution of the measured potential with the topography. Nevertheless, this simple 
preparation method allows the measurement of the surface potential profile and the 
calculation of the electric-field profile on some chosen locations; where the SKPM signal 
does not exhibit doubtful transients, observable in Fig. 5.2(b) as bright lines parallel to the 
scan direction. 
Despite a good collection efficiency of the carriers (FF = 72.2%), the calculated Vbias-
induced electric-field profile is confined to the first 500 nanometers after the p-i interface 
(Fig. 5.2). This suggests that the intrinsic layer is slightly n-type, as observed in [Jiang 2005] 
for thick a-Si:H cells. This would also indicate that a strong diffusion of carriers is 
SRVVLEOHLQȝF-Si:H intrinsic layers. However, as we only measure the modification of the 
electric-field, we cannot evaluate the presence of an initial electric-field. Voltage drops at 
the p-i interface must then indicate a large interface defect density. 
For a given Vbias, the peak positions of electric-field profiles correspond to the 
locations of the electrical junction, which is different from the p-i metallurgical junction. 
Under reverse-ELDV FRQGLWLRQ WKH ZLGHQLQJ RI WKH GHSOHWLRQ UHJLRQ LQWR WKH ³LQWULQVLF´
layer (actually slightly n-type) shifts the electrical junction towards the bulk. This 
explains the shift of the peaks observed for the reverse-bias condition in Fig. 5.2(d) and in 
Fig. 5.4 for the polished cross-section (less clearly for Fig. 5.4(a)). This was also observed 
by Jiang et al. for a-Si:H solar cells [Jiang 2005]. 
Polished cross-section 
Mechanical polishing produces a planar cross-section allowing the analysis of large 
DUHDVLQFOXGLQJPDQ\RIWKHW\SLFDOȝF-Si:H clusters growing on surface-textured TCOs.  
Both for the fractured and the polished sample, the SKPM potential profiles measured 
under short-FLUFXLW FRQGLWLRQ DUH HVVHQWLDOO\ IODW RQ WKH ȝF-Si:H layer. This indicates a 
Fermi level pinning at the surface of the cross-section for the whole thickness of the 
intrinsic layer, as previously observed for a-Si:H solar cells [Jiang 2005].  
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Although we cannot definitely exclude parasitic effects induced by the polishing 
procedure (e.g. heterogeneous oxide layer thickness or structure), our analysis of the 
SKPM potential profiles indicates that the amplitude of the electric-field modification 
induced by Vbias is heterogeneously distributed. It is mainly confined near the p-i interface 
for some cases and near the i-n interface for some others, strongly depending on the 
FOXVWHUFRQVLGHUHG7KLVJLYHVULVHWRDFRQFHSWRI³LVRODWHGQDQRGLRGHV´ZLth independent 
characteristics. We speculate that the n- or p-type character of a given cluster is 
conditioned by the surrounding cracks and cluster boundaries, which may have different 
electrical and structural characteristics. In a recent work, Python et al. indeed 
demonstrated that the effect of cracks can be modeled by diode-like shunts, with a high 
individual reverse saturation current, related to the length of the crack [Python 2008]. These 
micro-structural defects, determined to be regions of high nanoporosity, act likely as traps 
for various chemical impurities. 
The lower SKPM potential observed at the cluster boundaries in Figs. 5.3 and 5.5, 
correspond to higher local work-function. This demonstrates a local upward band 
bending, due to negative charges located at the boundaries. On one hand, this negative 
charge could be the consequence of a difference in the surface states at these defective 
regions, which are structurally different with porosity and probably a lower crystalline 
fraction. On the other hand, Nasuno et al. reported on an enhanced diffusion of boron in 
the a-6L+ PDWUL[ GXULQJ WKH GHSRVLWLRQ RI ȝF-Si:H on textured ZnO [Nasuno 2002]. 
Consequently, the presence of activated boron could also explain the negative charge of 
the cluster boundaries. 
The cluster boundaries visible in the surface potential pictures (Figs. 5.3 and 5.5) are 
not visible in the potential difference pictures (Fig. 5.6). This is most probably because 
the boundaries mainly induce surface effects. Indeed, the surface potential difference 
produced by the application of Vbias is affected by the average effect in the depth equal to 
the depletion width in the normal direction to the surface of the cross-section.  
Comparison with TEM 
Microstructure features highlighted in the TEM micrograph of Fig. 5.7(a) can directly 
be compared to the features of SKPM pictures presented in Figs. 5.3(c) and 5.6(a). This 
FRPSDULVRQ GHPRQVWUDWHV WKDW FOXVWHU ERXQGDULHV LQ WKH LQWULQVLF ȝF-Si:H layer can be 
imaged by the SKPM technique. However, the distinction between cluster boundaries and 
cracks is not clear in the SKPM pictures. Note that Python et alVKRZHGWKDWIRURXUȝF-
Si:H solar cells deposited on LPCVD ZnO, the cracks are not simply voids but are 
DFWXDOO\IRUPHGE\SRURXVȝF-Si:H material [Python 2009a].  
7KHUHJLRQRIȝF-Si:H material grown on the valleys of the TCO, between the clusters, 
correspond in the SKPM picture of Fig. 5.6(a) to bright triangle areas, visible under 
forward-bias condition. These areas present a p-type character and therefore, due to their 
Chapter 5: Investigation of the electric-field by SKPM and planar C-AFM-based measurements 
56 
supposed lower crystalline volume fraction, may be more contaminated by boron than the 
clusters themselves. 
7RH[SODLQDUHGXFHG(4(LQWKHVKRUWZDYHOHQJWKUDQJHIRUȝF-Si:H cells containing 
p-doped layers with a high crystalline fraction, Delli Veneri et al. point out that >«@
diffusion of boron may occur, favored by the presence of cracks, giving rise to a thicker 
effective p-layer" [Delli Veneri 2007]. This assumption is supported by the detection of nano-
cracks starting from the side walls of the ZnO pyramids in the TEM micrograph of Fig. 
5.7(b) and by the inference, from Fig. 5.6(b), of a p-type contamination of the first tens of 
QDQRPHWHUVRILQWULQVLFȝF-Si:H layer close to the p-i interface. 
5.3 µ1HDU-Voc planar C-$)0¶DQGµORFN-LQSODQDUQDQRSRWHQWLRPHWU\¶ 
5.3.1 Experimental 
The C-AFM measurements are made in air with a Digital Instruments Dimension 3100 
scanning probe microscope operating in contact mode. The scanning is performed over 
the n-type layer of a p-i-Q ȝF-Si:H solar cell (after wet etching of the back ZnO with 
HNO3) deposited on LPCVD ZnO without surface post-treatment. The cantilever spring 
constant is about 40 N/m, and the tip is made of phosphorus-doped Si coated with a doped 
diamond layer. The tip is connected to a current-voltage converter (trans-impedance 
amplifier). The polarization of the tip is maintained to the ground potential by the input of 
the trans-impedance amplifier while a positive bias potential Vbias is applied to the front-
contact of the sample. This allows an electric current flowing through the front-contact 
and the tip via the probing point. While the tip is scanning on the cross-section, current 
maps and topography pictures are acquired. A small scanning frequency of 0.5 Hz is set 
to ensure a constant electrical contact between the tip and the surface of the sample. The 
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Fig. 5.8: Schematic near-Voc planar conductive-AFM (C-AFM) set-up used for the scanning over the n-type layer  
of p-i-Q ȝF-Si:H solar cells in the present work, including a Dimension 3100 scanning probe microscope from 
Digital Instruments. 
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steadiness of this electrical contact is monitored by the comparison of the C-AFM current 
maps produced by recording the current flow through the tip in both the 'trace' and 
'retrace' scanning directions. The speed of the scan and the force between the tip and the 
surface under analysis are adjusted until identical current maps are observed for these two 
scanning directions. Before picture acquisition, the potential Vbias on the front contact of 
the device (p-side) is adjusted in order to observe frequent changes of the direction of the 
current flowing through the tip, while, at the same time, the solar cell is illuminated from 
the n-side by the white light of the optical equipment of the C-AFM system (see Fig 5.8). 
When frequent changes of current flow direction are observed, it means that the section of 
the solar cell directly underneath the tip is polarized with a bias voltage close to the value 
of the local Voc, averaged over the scanned area. Therefore, we call this measurement 
method near-Voc planar C-AFM. Its benefit is to allow an increased sensitivity of the 
trans-impedance amplifier and therefore to permit current measurements in the +/-200 pA 
range.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To confirm results obtained with the near-Voc planar C-AFM method described above, 
the C-AFM measurement set-up was modified in order to perform planar 
nanopotentiometry over the n-type layer of the same sample (see Fig. 5.9). This 
modification consists of the direct measurement of the local Voc by connecting the tip to 
the input of an HOHFWURPHWHU.HLWKOH\ZLWKDQLQSXWLPSHGDQFH!Â14ȍ%HFDuse 
Fig. 5.9: Schematic planar nanopotentiometry set-up used for the scanning over the n-type layer of p-i-QȝF-Si:H 
solar cells in the present work, including a Dimension 3100 scanning probe microscope from Digital Instruments, 
a Keithley 617 electrometer and a Stanford Research SR830 DSP lock-in amplifier. 
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the light from the laser diode of the AFM system bounces off the cantilever, it can 
produce uncontrolled illumination conditions on the n-side of the sample. Therefore, we 
add an illumination of the solar cell from the p-side with a pulsed light (~45 Hz) produced 
with a light emitting diode (LED) of red color (~630 nm). In addition to the direct 
measurement of the local Voc, we measure the amplitude of the variation produced by this 
pulsed illumination with a lock-in detection technique. The scan frequency is decreased 
GRZQWR+]ZKLFKFRUUHVSRQGVWRDVFDQVSHHGRIȝPVIRUWKHVFDQDUHDFRQVLGHUHG
here (10 x ȝP2). This very low scan frequency allows for a sufficient integration time 
of the signal applied to the input of the lock-in amplifier. To verify if uncontrolled 
illumination conditions of the n-side of the sample can change the features observed in the 
planar nanopotentiometry pictures, a laser light (633 nm) illumination can be added in 
grazing incidence on the n-side of the sample. 
5.3.2 Results 
The near-Voc planar C-AFM method is performed on the n-type layer of a p-i-n  
ȝF-Si:H solar cell with the aim to investigate the defective areas of the cluster boundaries 
when the device is deposited on LPCVD ZnO without any surface post-treatment.  
Figure 5.10 shows the topographic pictures and the current map recorded during the scan 
in the 'trace' direction. Under the weakly controlled conditions of illumination provided 
by the white-light illumination system and by the unavoidable parasitic light from the 
laser diode of the scanning system of the AFM, a Vbias value of 350 mV is needed to reach 
the 'near-Voc' condition. This provides local changes of about +/-100 pA in the current 
flowing through the tip. A comparison of the enhanced topographic picture (Fig 5.10(b)) 
with the current map (Fig 5.10(c)) clearly shows that the electrical behavior of different 
clusters is different even if they are direct neighbors. Another important observation is 
that no highly conductive paths are observed at the cluster boundaries. The mid-tone 
structures visible in the current map (0 pA) on each cluster correspond to locations where 
the electrical contact between the tip and the n-type layer is temporary lost.  
  
Fig. 5.10: 'Near-Voc planar C-AFM' results obtained by measurement on the n-type layer of a p-i-n ȝc-Si:H solar 
cell deposited on a LPCVD ZnO layer without surface post-treatment. The bias voltage Vbias is 350 mV and the scan 
speed is ȝPV. (a) AFM picture of the topography, (b) enhanced topographic picture (partial derivative of the 
AFM image in the trace direction), and (c) current-map recorded during the scan in the 'trace' direction (exactly 
the same picture was obtained for the 'retrace' direction). 
(a) (b) (c) 
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Figures 5.11 and 5.12 show, over a 10 x  ȝP2 area for the same sample, the 
topographic pictures and the voltage maps recorded during two consecutive lock-in 
planar nanopotentiometry measurements. The measurements are performed with  
(in Fig. 5.11), then without (in Fig. 5.12), the additional light in grazing incidence on the 
n-doped layer. The actual local Voc values correspond to the Vbias potential applied to the 
front contact of the device minus the nanopotentiometric measurement reported in Figs. 
5.11(b-c) and 5.12(b-c). The amplitude of the component of the local Voc produced by the 
pulsed illumination of the solar cell from the p-side is reported in Figs. 5.11(e-f)  
and 5.12(e-f). During the first acquisition ± with the additional grazing light (Fig. 5.11) ± 
Vbias is set at 365 mV. This value corresponds to the local Voc averaged over the entire 
scanned area. During the second acquisition ± without grazing light (Fig. 5.12) ± Vbias 
must be decreased to 290 mV. It can be seen in Fig. 5.12 that this second acquisition 
suffers from a deterioration of the electrical contact between the tip and the surface of the 
sample induced by the previous scan. This translates into more "frozen pixels"  
in Figs. 5.12(b-c) and "dark pixels" in Fig. 5.12(e-f). Once again, a comparison of the 
enhanced topographic pictures (Figs. 5.11(d) and 5.12(d)) with the voltage maps clearly 
shows that different clusters behave differently electrically, even if they are direct 
neighbors. The jumps observed for the local Voc value when the tip scans over the 
boundary of some adjacent clusters is typically +/- 5mV. However, no systematic low 
values of the local Voc are observed at the cluster boundaries. 
In the local Voc pictures of Fig. 5.11, the grazing laser light reveals some inversion of 
contrast and some other boundaries compared to the case without grazing light (cf. 
boundaries encircled in Figs. 5.11(b) and 5.12(b)). Gradients of local Voc values are 
observed over WKHȝF-Si:H clusters. The direction of these gradients is actually governed 
by the condition of illumination on the n-side of the sample, as shown by the arrows 
added in Figs. 5.11(c) and 5.12(c). On the contrary, and as expected, the measurement of 
the component of the local Voc produced by the pulsed illumination incident on the p-side 
indicates identical features in Fig. 5.11(e-f) and in Fig. 5.12(e-f), with and without the 
grazing light on the n-side, respectively. Some boundaries not clearly visible in the local 
Voc picture appear in the amplitude picture, and some boundaries visible in that local Voc 
picture are not clearly visible in the amplitude picture. 
To verify if there is a correlation between the features observed in the local Voc maps 
(Figs. 5.11(b-c) and 5.12(b-c)) and the dark spots observed in the amplitude pictures 
(Figs. 5.11(e-f) and 5.12 (e-f)), we performed a scan over a large (50 x ȝP2) area. The 
resulting topography, local Voc and amplitude pictures are shown in Fig. 5.13, where the 
circles indicate identical zones of interest. Indeed we observe that many dark spots in the 
amplitude picture (Fig. 13(c)) correspond to strongly contrasted cluster boundaries in the 
map of local Voc (Fig. 13(b)).  
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5.3.3 Discussion 
First note that the electrical probing measurements performed in the planar 
configuration produce the same current and voltage maps when recorded during scans in 
both 'trace' and 'retrace' directions. This indicates that the relative variations recorded in 
these maps are reproducible and are not controlled by unwanted fluctuations in the 
contact force between the tip and the surface of the sample. Therefore, we believe that the 
patterns observed in the C-AFM current maps (Fig. 5.10(c)) and in the voltage maps 
(Figs. 5.11 and 5.12) must be attributed to the different electrical behaviors of the 
GLIIHUHQWȝF-Si:H clusters visible in the enhanced topographic pictures. This also indicates 
that the conductivity of the n-doped layer is not high enough, or is low enough in the 
grain boundaries area, to ensure that voltage differences can develop between the clusters. 
 
Fig. 5.11: 'Lock-in planar nanopotentiometry' results obtained with the additional laser light illumination added in 
grazing incidence (633 nm, from six o'clock) on the n-type layer of a p-i-n ȝc-Si:H solar cell deposited on a LPCVD 
ZnO layer without surface post-treatment. The bias voltage Vbias is 365 mV and the scan speed is 2 ȝPV. (a) AFM 
picture of the topography, (b) map of the local Voc recorded during the scan in the 'trace' and (c) in the 'retrace' 
direction, (d) enhanced topographic picture (error signal of the AFM's control loop), (e) map of the amplitude of 
the small-signal variation, produced by the pulsed illumination (630 nm) on the p-side, recorded during the scan in 
the 'trace' and (f) in  the 'retrace' direction. The circles in (b) and (e) indicate cluster boundaries for comparison 
with Fig. 5.12. The arrow in (c) indicates the direction of the gradient of the local Voc over the ȝF-Si:H clusters, 
which is governed by the condition of illumination on the n-side of the sample. 
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Fig. 5.12: 'Lock-in planar nanopotentiometry' results obtained without the additional laser light illumination on the 
same surface area as in Fig. 5.11 (second scan). The bias voltage Vbias is 290 mV and the scan speed is 2 ȝPV.  
(a) AFM picture of the topography, (b) map of the local Voc recorded during the scan in the 'trace' and (c) in the 
'retrace' direction, (d) enhanced topographic picture (error signal of the AFM's control loop), (e) map of the 
amplitude of the small-signal variation, produced by the pulsed illumination (630 nm) on the p-side, recorded during 
the scan in the 'trace' and (f) in  the 'retrace' direction. The circles in (b) and (e) indicate cluster boundaries for 
comparison with Fig. 5.11. The arrow in (c) indicates the direction of the gradient of the local Voc over the ȝF-Si:H  
clusters, which is governed by the condition of illumination on the n-side of the sample. 
Fig. 5.13: 'Lock-in planar nanopotentiometry' results obtained on a large scan area of 50 x ȝP2 on the n-type 
layer of a p-i-QȝF-Si:H solar cell deposited on a LPCVD ZnO layer without surface post-treatment. The bias voltage 
Vbias is 282 mV and the scan spHHGLVȝPVD$)0SLFWXUHRIWKHWRSRJUDSK\EPDSRIWKHORFDO9oc recorded 
during the scan in the 'trace' direction and (c) map of the amplitude of the small-signal variation, produced by the 
pulsed illumination (630 nm) on the p-side, recorded during the scan in the 'trace' direction. The circles indicate 
dark spots in (c) corresponding to strongly contrasted cluster boundaries in (b). 
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The aging phenomenon in the electrical probing is systematically observed in  
our C-AFM and nanopotentiometry measurements, i.e. with and without an electrical 
FXUUHQWIORZLQJWKURXJKWKHFRQGXFWLYHWLS,WZDVUHSRUWHGIRUȝF-Si:H layers by several 
authors (see e.g. [Kleider 2001] or [Shen 2007]). Our observations are coherent with the 
findings of Kleider et al., who showed that the aging induced by the first scan is 
independent of the presence of an electrical current through the tip. They suggested that it 
is related to an enhanced oxidation due to a chemical change of the surface of the silicon 
layer induced by the contact with the tip [Kleider 2001]. 
Figure 5.14 schematically illustrates the principle of the near-Voc planar C-AFM 
method. It shows how this measurement method discriminates between areas with high 
and low local Voc and why dark and bright areas in Fig. 5.10(c) correspond to high and 
low local Voc, respectively. This measurement method therefore demonstrates that if we 
remove the back contact of a p-i-QȝF-Si:H solar cells deposited on a rough LPCVD ZnO 
OD\HUHDFKȝc-Si:H cluster behaves as an insolated nano-diode with its own Voc, and that 
the lateral carrier transport between clusters in the same neighborhood does not influence 
the local Voc. The difference in the Voc values of different nano-diodes can be due to 
dLIIHUHQFHV LQ WKH TXDOLW\ RI WKH ȝF-Si:H material of different clusters and to 
inhomogeneous abruptness of the p-i (see Fig. 5.6(b)) or the i-n electrical junctions. But 
they can also be produced by different illumination conditions of the different clusters 
(e.g. strong light incoupling in one of the cluster), or even enhanced local shunting 
through the cracks. This is discussed below on the basis of the planar nanopotentiometry 
measurements. 
 
Before this, and to conclude with the discussion on the near-Voc planar C-AFM results, 
we comment on the absence of highly conductive paths at the cluster boundaries  
in Fig. 5.10(c). Shen et al. reported on C-AFM measurements performed RQȝF-Si:H solar 
cells deposited on Asahi U-type SnO2 layers. These measurements indicate higher leakage 
currents at the cluster boundaries [Shen 2007]. We know from TEM analysis [Python 2008] and 
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Fig. 5.14: Schematic of the principle of the 'near-Voc planar C-AFM' method explaining that bright areas  
in Fig. 5.10(c) correspond to areas with a low local Voc. 
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from a novel method based on SEM imaging for the counting of cracks over tenths of 
microns developed by Python et al. [Python 2009a@ WKDWDFUDFNLQ WKHȝF-Si:H material is 
present over each valley of the untreated LPCVD ZnO. Therefore, for the sample 
analyzed here, cracks are most probably present underneath the surface of the n-type layer 
along each cluster boundary. The absence of highly conductive paths indicates that cracks 
do not behave simply as shunts. Indeed, Python et al. recently showed, using a two-diode 
model, that the cracks in our p-i-Q ȝF-Si:H cells deposited on LPCVD ZnO cannot be 
modeled by a simple shunt resistance but must be modeled by a bad diodes with high 
value of J0 [Python 2008]. However, due to the high J0 value of the bad diode associated with 
the cracks, we should observe areas with low local Voc in Fig. 5.10FDOODURXQGWKHȝF-
Si:H cluster. The question as to why we do not observe low Voc areas localized at the 
cluster boundaries in Fig. 5.10(c), deserves further investigation. It could in part be 
attributed to a lowering of the conductivity of the n-layer at the cluster boundaries, 
whereas it is high enough on the top of the cluster to provide a minimum contrast change. 
Other interpretations are partly addressed in the following discussion on the planar 
nanopotentiometry measurements. 
The planar nanopotentiometry measurements shown in Figs. 5.11(b-c) and 5.12(b-c) 
FRQILUP WKDW ZKHQ WKH EDFN FRQWDFW LV UHPRYHG HDFK ȝF-Si:H cluster behave as an 
insulated nanodiode with typical variations of +/-5 mV for the value of the local Voc of 
adjacent clusters. They also demonstrate that the illumination conditions on the n-side 
influence the local Voc. Unfortunately, the uncontrolled illumination of this n-side by the 
laser diode of the AFM system is difficult to avoid. A solution to suppress this photo-
perturbation could be the use of a special AFM cantilever with lateral wings, such as 
developed by Chang et al. [Chang 2005], which provides a shadow area that fully covers the 
scan region. The illumination from the p-side by a pulsed light and the lock-in detection 
technique, as described in Fig. 5.9, provides an alternative method to discriminate the 
effects produced by the photo-perturbation. The amplitude pictures showed  
in Figs. 5.11(e-f) and 5.12(e-f) confirms that the local Voc GHSHQGVRQWKHȝF-Si:H cluster 
considered. Compared to the local Voc pictures in Figs. 5.11(b-c) and 5.12(b-c), these 
amplitude pictures reveal different cluster boundaries. This is most probably due to the 
fact that the light incident from the rough LPCVD ZnO front contact is scattered. 
Therefore, we believe that the boundaries observed in the amplitude pictures are mainly 
due the electrical behavior of the cluster and are no longer influenced by the illumination 
condition on the n-side. We attribute the low (non-zero) amplitude areas visible in the 
amplitude pictures to clusters with poor electrical characteristics. Moreover, the small 
dark spots in Figs. 5.11(e-f), 5.12(e-f) and 5.13(c) correspond to very poor material with 
almost no response to the pulsed illumination from the p-side. As it is highlighted  
in Fig. 5.13, all of these dark spots correspond to cluster boundaries and many of them 
correspond to a high contrast on the map of local Voc. This most probably indicates that 
the dark spots correspond to the areas of very high J0 value of the bad diode associated 
with the cracks, which were missing in the C-AFM picture of Fig. 5.10. Therefore, thanks 
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to the pulsed illumination from the p-side, the lock-in planar nanopotentiometry allows us 
to probe the photo-UHVSRQVHRIWKHȝF-Si:H material close to the p-i interface, even if the 
electrical probing is performed on the n-side. The observation of a localized effect of 
cracks only in the amplitude picture provides an indication that cracks affect the p-i 
interface more severely than the bulk or the n-i interface of the device. 
The poor electrical characteristics evidenced by the dark spots in the amplitude pictures 
can be due to (1) a low equivalent shunt resistance Rshunt, (2) a high reverse saturation 
current J0 of the equivalent nanodiode, or (3) a high recombination current Jrec (which 
itself depends on the mobility-OLIHWLPHSURGXFWȝ0Ĳ0 of the material). Although we cannot 
GHILQLWHO\ H[FOXGH WKH SUHVHQFH RI VKXQW FXUUHQW SDWKV LQ RXU ȝF-Si:H material, as we 
already mentioned, we do not observe evidence of leakage paths in our near-Voc C-AFM 
measurements and, in a two diodes model, an increased cracks density cannot be modeled 
by a simple linear Rshunt resistance. Considering that the dark current is thermally 
generated from mid-gap defects [Meillaud 2006], both J0 and Jrec increase if the mid-gap 
defect density increases. The terms J0 and Jrec also increase if the density of (not 
necessarily mid-gap) recombination centers increases. These can be lattice defects and 
contaminant atoms in the c-Si nanograins of the cluster. They can also be dangling bonds 
and contaminant atoms at the surface of the nanograins and in the surrounding a-Si:H 
tissue. In device-grade material, the diffusion length is sufficiently high so that a non 
negligible fraction of the carriers can recombine at the cluster boundaries.  
If the drift component of the transport mechanism of the photogenerated carriers is 
weak, recombination at the cluster boundaries will even become dominant. This would be 
WKHFDVHLIWKHHOHFWULFILHOGSURILOHLQWKHLQWULQVLFȝF-Si:H layer is deformed by a shift of 
the Fermi level produced by the presence of e.g. oxygen, boron, or phosphorous 
contamination. The result of the cross-sectional SKPM analysis presented above  
in Fig. 5.6 supports the assumption of a heterogeneous distribution of the electric-field 
over the different clusters, albeit with this technique we cannot definitely exclude 
parasitic effects induced by the polishing procedure. The two electrical probing 
measurement methods performed in planar configuration, however, do not include 
polishing steps and show sharp contrast between cluster boundaries. Therefore they 
provide an additional indication of a heterogeneous distribution of the electric-field over 
the different clusters. 
5.4 Conclusions 
5.4.1 Cross-sectional SKPM and TEM 
SKPM analysis can be performed on rough fractured cross-VHFWLRQV RI ȝF-Si:H solar 
cells deposited on a surface-textured LPCVD ZnO. However, the measured surface 
potential is sensitive to convolution with the topography of the fractured cross-section; 
this may render difficult the interpretation of features observed in the SKPM pictures.  
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By providing a mechanical polishing of the cross-section, we show that the amplitude 
of the modification of the electric-field induced by the bias voltage is heterogeneously 
GLVWULEXWHG RYHU GLIIHUHQW ȝF-6L+ FOXVWHUV (DFK FOXVWHU EHKDYHV DV DQ ³LVRODWHG
nanoGLRGH´ZLWKWKHHOHFWULF-ILHOGFRQILQHGZLWKLQDERXWQPLQWKHLQWULQVLFȝF-Si:H 
layer either near the p-i or near the i-n interface. This supports the assumption of an 
important contribution of diffusion-assisted transport along the growth axis of the large 
FU\VWDOOLQHQDQRJUDLQVREVHUYHGE\7(0LQWKHȝF-Si:H clusters.  
On the SKPM pictures taken under short-circuit and forward-bias conditions, the 
cluster boundaries appear as areas with a low local surface potential, demonstrating a 
local negative charge. Possible explanations could be the presence of activated boron due 
to a selective contamination of the clusters boundaries or a difference in the filling of the 
electronic surface states at these defective regions. 
A comparison of SKPM pictures with a TEM micrograph demonstrates that cluster 
ERXQGDULHV LQ WKH LQWULQVLF ȝF-Si:H layer can be imaged by the SKPM technique. 
Moreover, SKPM imaging seems to be able to show the effective thickness of the p-type 
layer in case of in-diffusion of boron caused by nano-cracks. This ability, which was not 
pointed-out a the time of the SKPM measurements, merits further in-depth investigations, 
and could become a simple method ± compared to sample preparation for TEM analysis ± 
to determine if nanocracks are present LQWKHILUVWSDUWRIWKHLQWULQVLFȝF-Si:H layer close 
to the p-i interface.  
5.4.2  Comparison of cross-sectional SKPM and electrical probing in the 
planar configuration 
The cross-sectional SKPM measurement and the two different planar C-AFM-based 
electrical probing methods presented in this chapter provide evidence of differentiated 
HOHFWULFDOEHKDYLRUVIRUGLIIHUHQWȝF-Si:H clusters. Consequently, we conclude that a p-i-n 
ȝF-Si:H solar cell deposited on a LPCVD ZnO front contact can be sought as a parallel 
FRQQHFWLRQ RI WKH LQGLYLGXDO QDQRGLRGHV IRUPHG E\ WKH ȝF-Si:H clusters which are 
growing during the PECVD deposition on the top of each pyramid of the ZnO layer. This 
way, each nanodiode has its own electrical characteristics (reverse saturation current 
density J0, and recombination current density Jrec). 
Our lock-in planar nanopotentiometry measurement technique provides the ability to 
image at the same time highly localized effects of cracks at the p-i interface (amplitude 
picture) and their averaged results on the n-side (map of local Voc), which can affect 
JURXSVRIPDQ\ȝF-Si:H clusters. We suggest that the cluster boundaries affect in large 
part the values of the terms J0 and Jrec of the equivalent nanodiode, which model a given 
ȝF-Si:H cluster. This is because during multiple scattering events, free carriers see an 
enhanced equivalent recombination center density, due to the presence of the highly 
defective material at the cluster boundaries. Moreover, this effect will be worsened by a 
weakening of the electric field depending on the degree of contamination of the different 
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clusters. This in turn explains how clusters, made of a priori WKHVDPHȝF-Si:H material, 
can present very dissimilar individual electrical characteristics, as evidenced in this work 
both for cross-sections, by SKPM measurements, and for samples analyzed in planar 
configuration, by C-AFM and nanopotentiometry-based measurement techniques.  
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6 Scattering of the light transmitted through a rough nano- 
textured front contact ZnO layer 
 
The aim of this chapter is to provide insight into the mechanisms involved when light 
transmitted through the front contact zinc oxide (ZnO) layer of our p-i-n solar cells is 
scattered by its rough nano-textured surface.  
In section 6.1 we explain our motivation for the use of light scattering in silicon (Si) 
thin-film photovoltaic (PV) solar cells by means of randomization. We give a short 
overview of the current status of the research in this field in the Si thin-film PV 
community, where far-field and near-field approaches are considered. In section 6.2 we 
introduce the principles of the Beckmann-Kirchhoff scalar scattering theory and we 
explain how J. E. Harvey et al. successfully showed that providing a slight modification, 
this theory is actually applicable in the non-paraxial case. In section 6.3 we describe how 
we model our surface-textured ZnO layers by random phase screens and we present the 
results of a study where we compare transmitted light scattering measurements with 
calculation results for different surface morphologies. We then calculate the light 
scattering produced in silicon for different surface morphologies and compare results with 
measurements of the external quantum efficiency of real solar cells. In section 6.4, we 
discuss the significance of light scattering measurements performed in air to predict 
effects in Si and we comment on the limitations of our calculation method and on its 
applicability in predicting the benefits of different real or hypothetical surface 
morphologies for the front contact of a complete p-i-n micromorph solar cell device.  
 
6.1 Introduction: The Yablonovitch's 4n2 enhancement limit 
 
)RU ZDYHOHQJWKV Ȝ ODUJHU WKDQ  QP WKH RSWLFDO DEVRUSWLRQ FRHIILFLHQW Į RI
amorphous silicon (a-6L+DQGPLFURFU\VWDOOLQHVLOLFRQȝF-Si:H) is lower than 104 cm-1. 
Therefore, for light in normal incidence on these materials and in absence of any light 
VFDWWHULQJ OD\HUVVLJQLILFDQWO\ WKLFNHU WKDQ WKHFRUUHVSRQGLQJSHQHWUDWLRQGHSWKRIȝP
should be used to absorb photons from the near infrared part of the solar spectrum. For 
the spectral range of 800±1000 nm, this thickness is increased to the range of 10±ȝP
IRUȝF-Si:H whereas a-Si:H is transparent because of its higher energy bandgap. This is 
illustrated in Fig. 1.2 of chapter 1, which shows ĮȜ for crystalline Si, a-Si:H and  
μc-Si:H.  
Such layer thicknesses are highly undesirable because of the decreased electric-field, 
which would be produced in the drift assisted p-i-n solar cell device. This would, in turn, 
lead to high charge carrier collection losses. The thickness of the intrinsic layer of a 
a-Si:H solar cell should not exceed 300 nm [Platz 1998] because of its low mobility-lifetime 
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product in the degraded state (typically 10-7 V/cm2) [Shah 2006] )RU ȝF-Si:H solar cells 
using the gas purifier technique to ensure a true mid-gap intrinsic layer, thicknesses up to 
 ȝP KDYH EHHQ GHPRQVWUDWHG ZLWK RQO\ PLQLPXP FROOHFWLRQ ORVVHV [Meier 1996]. 
However, due to the rather low deposition rate (5-7 Å/s) achievable so far for state-of-the-
DUW ȝF-Si:H in typical production lines [Kroll 2007, Klein 2008], such thicknesses are 
detrimental in terms of production costs. 
A way to solve these issues is to increase the mean path length of the light inside the 
silicon layer. In 1965, St. John proposed to take advantage of total internal reflection and 
promote light trapping in a silicon photodiode [St John 1965]. In the mid-seventies Redfield 
was the first to demonstrate multiple-pass through a silicon thin-film solar cell using a 
grooved mirror [Redfield 1974]. Nowadays, the most common practical way to produce 
refraction and therefore oblique in-coupling of incident light in thin-films of silicon is to 
texture one or both sides of the layer. This can be done by deposition of silicon on a 
surface-textured (opaque) substrate ± e.g. hot-silver [Terrazzoni 2006], polymer replications 
[Bailat 2005] and gratings [Haug 2008a] ± or on a transparent rough superstrate ± e.g. glass 
plates covered with tin oxide (SnO2) by atmospheric-pressure chemical vapor deposition 
(APCVD) [Taneda 2007] or with ZnO deposited by the low-pressure chemical vapor 
deposition (LPCVD) technique [Meier 2002], textured glass plates [Isabella 2008].  
In the case of full randomization of the incident light by a textured surface and in the 
weak absorption limit, Yablonovitch derived a superior limit of 4n2 for the possible 
enhancement of absorption by means of light trapping, where n is the refractive index of 
the medium considered [Yablonovitch 1982]. For the optical absorption in a-Si:H of the 
infrared part of the spectrum, this enhancement corresponds, with n~4, to a factor as large 
as 64. The derivation of Yablonovitch follows from the three steps 1), 2), and 3) 
explained as follows: 
1a) Yablonovitch uses statistical mechanics arguments. He considers a transparent 
medium, and thus excludes inelastic events with absorption and reemission at another 
frequency. He also assumes a full randomization when the light is scattered by the rough 
interfaces of the medium considered (i.e. the system is supposed ergodic, which implies 
that even if the external-radiation field is not isotropic, the angular distribution of the light 
rays inside the medium will be perfectly isotropic). The spectral intensity Iint of the 
radiation at the fUHTXHQF\Ȧ WKURXJK WKH VROLGDQJOHGȍ LQ WKHPHGLXPRIYROXPH9 LV
obtained by multiplying its group velocity vg and its electromagnetic energy density  
XȦ (ƫȦ!Â1Ȧ9ZKHUH(ƫȦ! ƫȦH[S>ƫȦNBT]-1) is the average energy of 
the corresponding enVHPEOHRIKDUPRQLFRVFLOODWRUVZLWKƫWKHUHGXFHG3ODQFN
VFRQVWDQW
kB WKH %ROW]PDQ¶V FRQVWDQW DQG 7 WKH DEVROXWH WHPSHUDWXUH DQG ZKHUH DQG 1Ȧ  
Â9ÂGȍÂN2GNʌ3 LVWKHQXPEHURISKRWRQLFPRGHVDWWKHIUHTXHQF\ȦFRPSULVHGLQWKH
infinitesimal elemHQWRIYROXPHGȍÂN2dk in the k-space (the factor 2 stands for the two 
SRVVLEOH SRODUL]DWLRQV 2Q RQH KDQG WKH QXPEHU RI PRGHV1Ȧ LQ WKHPHGLXP LV Q3 
times larger than in the vacuum, because at a position x in the medium, the wave vector's 
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length is k = QȦ[ÂȦF2Q WKHRWKHUKDQG WKHJURXSYHORFLW\Yg  GȦGN FQRI WKH
radiation in the medium will be n times smaller than in the vacuum. Therefore, if the 
above conditions are fulfilled, the spectral intensity Iint will be n2 times larger than the 
incident intensity Iinc in the surrounding of the medium: 
 
  Iint(Ȧ, x) = vg Â (ƫȦ!ÂÂGȍÂk2dk/(2ʌ)3 
          = c/n Â (ƫȦ!ÂÂGȍÂ(nÂȦ/c)2(n/c)dȦ/(2ʌ)3    
          = n2 Â (ƫȦ!ÂÂGȍÂ(Ȧ/c)2/(2ʌ)3 dȦ  
        = n2(Ȧ, [Â,inc(Ȧ).        (6.1a) 
 
1b) When the shape of the medium is a layer, the relation (6.1a) can also be derived 
from geometrical optics, assuming perfect Lambertian scattering (see also [Goetzberger 
1981]). In this case, the entire intensity incident on both sides of the layer is diffused with a 
cosine-dependence, independently of the direction of incidence. Moreover, the critical 
DQJOHșc of total internal reflection, deduced from the Snell's law, is asin(1/n). Therefore, 
the fraction of intensity escaping through the solid angle subtended by the two escape 
FRQHVRIDQJXODUZLGWKșc is, in the worst case of 100% transmittance through the cones: 
 
                   , 
 
where Lint is the radiance in the medium and the factors 2 indicate that the intensities are 
bidirectional. Applying the principle of detailed balancing, the medium being supposed 
perfectly transparent, the incident intensity Iinc is equal to the escaping intensity Iesc; 
therefore the result (6.1a) is found again:  
 
Iint =  n2 Iesc = n2 Iinc.         (6.1b) 
 
2) Until now, the layer was entirely surrounded by the external incident intensity Iinc. If 
at this point it is covered on the bottom side by a perfectly reflective mirror, only the 
escape cone towards the top direction remains active. But inside the layer the intensity is 
still bidirectional. The fraction of intensity escaping through the single cone becomes: 
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According to the principle of detailed balance, Iinc¶DQG,esc¶DUHHTXDO. Thus with the back 
reflector, the intensity enhancement is twice: 
 
Iint¶= 2n2 ·Iinc¶.         (6.2) 
 
3) If the layer is weakly absorbing, the light intensity through its full thickness is 
approximately constant and therefore, because the radiation in the layer is Lambertian, the 
optical path in a layer of width d is twice the thickness of the layer (double-pass 
absorption formula). Moreover, according to (6.2), the effective coefficient of absorption 
Įeff is 2n2 WLPHV ODUJHU WKDQ Į 7KHUHIRUH WKH double-pass absorption formula for the 
absorbance A of the layer becomes: 
 
A = 1-exp(-Įeff d) §GÂĮeff = 2d·2n2Į 4n2GÂĮ.          (6.3)   
 
The relation (6.3) indicates that the effective optical path dopt induced by the light trapping 
is 4n2 times the average width d of the layer.  
This Yablonovitch's upper limit of 4n2 for the absorption enhancement follows, at the 
points 1b) and 3) from the hypothesis of a Lambertian distribution. However 1b) is 
equivalent to 1a), which follows from statistical mechanical considerations. Therefore, we 
can state, for a homogeneous medium with a homogeneous distribution of photonic states 
in the k-phase space, that Lambertian scattering is optimum to uniformly fill this phase-
space and make the relation (6.1) valid. This suggests that even if a "super Lambertian" 
distribution could produce a factor larger than 2 in the double-pass absorption formula 
used in (6.3), that better optical path enhancement would, however, have to compete with 
a weakening of the light intensity in the medium, because of a suboptimal 
(inhomogeneous) filling of the optical modes available with a given absorber geometry. 
Therefore, in recent works, Gee and others proposed to go beyond that 4n2 limit by 
engineering the photonic density of VWDWHV JȦ RI WKH PHGLXP LWVHOI PDNLQJ Q[
inhomogeneous by means of a photonic crystal. Gee SURSRVHG WR LQFUHDVH JȦ LQ the 
weak absorbing regions at the expense of well chosen other spectral bands (not absorbing) 
[Gee 2002]. He also notes that submicrometer diffractions gratings can be used to 
preferentially fill optical modes and that among different grating geometries, blazing 
structures couple more energy into the non-zero diffraction orders [Heine 1995, Zaidi 2000]. 
The perspectives opened by these photonic structure approaches are huge but are clearly 
outside of the framework of the present study, in which we deal with traditional thin-film 
technologies, i.e. with absorbing materials that are homogenous. Therefore, we follow the 
statement, that full randomization of the light by Lambertian scattering is optimum for 
light trapping with random surface textures. This statement is also followed by Vanecek 
et al. in [Vanecek 2003]. 
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From the preceding, it becomes clear that for practical realizations of silicon thin-film 
solar cells, not only the amount of light scattered by the front contact but also the angular 
distribution of the scattered radiation are of primary importance for the performance of 
the device. The most common measurement technique to assess light scattering properties 
of a front transparent conductive oxide (TCO) layer is the haze measurement [Mizuhashi 
1988] carried out with a spectrometer and an integrative sphere. This measurement 
technique provides the ratios HT and HR corresponding to the haze in transmission and in 
reflection, respectively: 
    HT = Ttot/Tdif and  
HR = Rtot/Rdif,       (6.4) 
 
where Ttot (Tdif) and Rtot (Rdif) are the total (diffuse) transmittance and reflectance, 
respectively. Here we consider that the diffuse component refers to light escaping at an 
angle > 5° from the specular direction (see section 2.2.3). 
In addition to haze measurement, angular resolved scattering (ARS) measurement of 
front TCO layers is increasingly used in the thin-film PV community [Stiebig 2000, Krc 2002, 
Schulte 2007, Poruba 2008]. This measurement is performed by means of an incident laser 
beam and a photodetector mounted on a goniometric arm (see chapter 2). Attempts to 
model light scattering produced by different front TCO are currently under way in many 
groups, where far-field and near-field approaches are considered. In the near-field 
approach, the scattered electromagnetic field is considered down to distances, from the 
scattering surface, much smaller than the wavelength Ȝ; whereas, in the far-field 
DSSURDFK WKH VFDWWHUHGILHOG LVFRQVLGHUHGRQO\IURPGLVWDQFHVPXFK ODUJHU WKDQȜ IURP
the scattering surface. Both of these approaches are based on characterization of the 
surface topography of the TCO layer by atomic force microscopy (AFM) measurements.  
In the near-field approach, exact solving of the Maxwell's equations is carried out with 
finite element methods [Haase 2007, Rockstuhl 2007, Poruba 2008]. Haase et al. showed that, 
using idealized tridimensional periodic surfaces, DSHULRGRIWRȝPLVRSWLPXPIRU
light WUDSSLQJ LQȝF-Si:H [Haase 2007]. For a sputtered-etched ZnO layer, Rockstuhl et al. 
demonstrated the validity of their finite-difference in time-domain (FDTD) calculations 
by comparing them with results of scanning near-field optical microscopy (SNOM) 
performed in-air above the surface of the ZnO layer [Rockstuhl 2007]. These authors also 
deduced that the absorption in a-Si:H films deposited on rough layers of sputtered-etched 
ZnO is maximized near the edges of the craters present on the surface of the TCO 
[Rockstuhl 2008]. Poruba et al. also used a FDTD calculation approach and a near-to-far-field 
conversion technique for the calculation of the angular distribution of light scattered by 
SnO2 Asahi U-type, sputtered-etched ZnO and LPCVD ZnO layers [Poruba 2008].  
The comparison with experimental ARS measurements indicated similarities  
with measurements, but a too large amount of light scattered in the large angles was 
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predicted by the calculations. They proposed to improve their results by increasing  
the size of the AFM's scan area (currently 10 x ȝP2), decreasing the meshgrid-size of 
their calculation and consequently increaseing the size of the memory of the computers 
involved in the calculation to several hundreds of gigabytes [Poruba 2008]. In the far-field 
approach, Schulte et al. [Schulte 2007] proposed to use a geometrical optics analysis by 
performing ray-tracing of light rays in models of sputtered-etched ZnO layers. In this 
method, the surface of the ZnO layer is also characterized by AFM. The comparison of 
calculation results with ARS measurements indicated that geometric optics can account 
for the main features of the behavior of light when transmitted through the ZnO layer. 
However, an effective medium approximation (EMA) and Mie scattering need to be 
included in the calculation to reproduce the value of the most probable scattering angle 
and the contribution of large scattering angles, respectively [Schulte 2007].  
For the optical modeling of complete silicon thin-film solar cells, or more generally of 
any multi-layered thin-film device with nanorough interfaces, specific software have been 
developed by different groups (e.g. GENPRO [Zeman 1995], SunShine [Krc 2003], CELL 
[Springer 2004]). These softwares involve coherent modeling of the optical stack, which 
takes into account interferences, and modeling of the incoherent part of light intensity 
scattered by the rough interfaces. They include a particular result of the scalar scattering 
theory: the haze formulas that predict HT and HR IRU JLYHQ YDOXHV RI ırms DQG Ȝ VHH
section 6.2.2). Actually, they do not include more about scalar scattering theory. Indeed, 
the angular distributions functions (ADF) of light intensity scattered at the rough 
interfaces are left as parameters. Therefore, modeling of complex optical structures such 
the micromorph device with intermediate reflector, even with the help of these softwares, 
is not trivial. This is mainly because results depend strongly on the ADF functions related 
to reflection and transmission at the different interfaces [Krc 2003, Krc 2006] and, these ADF 
functions are difficult to know a priori. This will be the topic of section 6.3.2. 
In the present work, we model our different surface-textured LPCVD ZnO layers by 
random phase screens, on the basis of AFM measurements, and we use a scalar scattering 
theory as modified by Harvey. The theoretical aspects of this approach are developed in 
the next section. Comparisons of our calculations with ARS measurements and with 
external quantum efficiency (EQE) measurements of solar cells deposited on different 
ZnO layers are presented afterwards. This approach is different with respect to what other 
authors in the field of thin-film PV propose, because we use the whole scalar scattering 
theory to completely calculate the angular distribution of the scattered field, and not 
simply the haze formula derived from this theory. 
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6.2 Scalar scattering theory 
6.2.1 Theoretical approaches and compatibility with our problem 
The theoretical treatment of scattering of electromagnetic waves by a random surface 
can be carried out by first order vector perturbation theories such as those developed by 
Rice [Rice 1951] or by Elson and Bennett [Elson 1979] or by scalar theories [Isakovich 1952, 
Beckmann 1963]. 
The advantages of the vector theories are that (1) they include polarization effects and (2) 
they are adapted to the case of large-angle scattering, i.e. they are not limited to directions 
making a small angle with the specular direction (no paraxial approximation). The 
drawback of such first-order perturbation models is that they are only valid within the 
OLPLWRIVPDOOVXUIDFH URXJKQHVV ıFRPSDUHG WR WKHZDYHOHQJWKıȜ [Duparré 2006]. 
This constraint is unfortunately not compatible with our front ZnO layers because the 
root-mean-VTXDUH UPVYDOXHV RI WKHLU VXUIDFH URXJKQHVV ırms) are typically comprised 
between 60 to 200 nm, whereas the effective wavelength ranges from 100 to 250 nm in  
a-Si:H with n~4 for our spectral range of interest (comprised between 400 and 1000 nm). 
However, the Helmholtz scalar integral used in scalar theories is a solution of the 
Helmholtz equation of a scalar wave IRUDQ\JHRPHWU\DQGWKHUHIRUHDOVRIRUYHU\ODUJHı
Using this integral with the appropriate Kirchhoff approximation, Beckmann and 
Spizzichino addressed the problem of the scattering of electromagnetic-waves from a 
perfectly conductive rough surface [Beckmann 1963]. The important benefit of this 
Beckmann-Kirchhoff (B-K) theory is that it is valid for any value RI WKH UDWLR ıȜ
However, in addition to the fact that it does not directly include polarization effects, the 
B-K theory has major limitations: 
A) The B-K theory deals only with reflection on a perfectly conductive surface and, 
therefore, does not include the effect of local variations of the Fresnel's coefficients 
of reflection due to variations of the local angle of incidence. 
B) It does not include multiple scattering and shadowing effects. 
C) It is valid only for surface with an autocorrelation length T much larger than the 
ZDYHOHQJWK7!!Ȝ 
D) A complete treatment is proposed only for the most common case where the 
vertiFDOKHLJKWV]RIWKHURXJKVXUIDFHȗJHQHUDWHGE\WKHUDQGRPSURFHVV] ȗ[\
where the triplet (x,y,z) refers to a Cartesian coordinate system, are normally 
distributed (i.e. when the probability density function w(z) associated to the 
GLVWULEXWLRQRIKHLJKWVRIWKHVXUIDFHȗLVD*DXVVLDQIXQFWLRQ 
Concerning the limitation A, a reformulation of the B-K theory extended to the case of 
the diffusH WUDQVPLWWDQFH EXW UHVWULFWHG WR VXUIDFHV ZLWK VPDOO VORSHV ı7 ZDV
proposed by Carniglia [Carniglia 1979]. Of course, the restriction to small slopes discards the 
problem of the variation of the reflectance with variations of the local angle of incidence 
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on the surface. Moreover, Carniglia only considered directions lying close to the axis of 
the specular direction, making a small DQJOH İ ZLWK WKLV D[LV Note that within this 
restriction, the paraxial approximation is valid, i.e. sin(İ) and tan(İ) can be approximated 
E\ İ%HFDXVHCarniglia limited his calculations to small angles of scattering, he could 
only propose expressions for the haze in reflection and in transmission [Carniglia 1979] (but 
no result concerning the angular distribution of the scattered light). These two theoretical 
expressions, or empirical modifications of them, are used nowadays in the silicon thin-
film PV community [Stiebig 2000, Zeman 2000, Poruba 2000, Krc 2002, Springer 2004]. The small 
slope restriction imposed by Carniglia and the inability of his theory to deal with the 
angular distribution has led to the misconception that scalar theories are not suitable for 
the study of large angle scattering (e.g. [Duparré 2006]). Following Harvey, we will show 
that scalar scattering theories are indeed perfectly valid outside any paraxial 
approximation, such as imposed e.g. in [Goodman 1968, section 4-2]. 
The limitation B validates the pertinence of the ray-tracing approaches proposed in 
[Schulte 2007] which seems especially designed to handle multiple-scattering and shadowing 
effects. Note that B can also be partially handled by sophisticated approaches. For 
example, the use of a second-order Kirchhoff approximation (iterative substitution of 
Kirchhoff solution into the integral equation) added to the use of propagation shadowing 
functions [Wang 2005].  
7KH OLPLWDWLRQ& 7!!Ȝ LVFOHDUO\QRWFRPSDWLEOHZLWKRXU=Q2 OD\HUVEHFDXVH WKHLU
typical lateral size is comprised between 0.4 DQGȝP7KUHHHIIHFWVRIWKHYLRODWLRQRI
WKHFRQGLWLRQ7!!ȜDUH 
(a) Plenty of sharp edges and tips with radii of curvature r smaller or much smaller 
WKDQ ȜZLOO EH SUHVHQW RQ WKH VXUIDFH$)0DQG6(0SLFWXUHV WKURXJKRXW WKLV
thesis show that it is obviously the case for virtually all of our ZnO layers. 
Actually, the B-K theory is precisely restricted to surface with large correlation 
lengths because, in the resolution of the Helmoltz integral, the Kirchhoff 
approximation fails at points of the surface with radii of curvatures much smaller 
WKDQ Ȝ [Beckmann 1963] (see Fig. 6.1). The consequence is that the B-K theory 
cannot predict near-field effects such as the lightning rod effect observed by 
Rockstuhl et al. at locations of high curvature in SNOM measurements and in 
FDTD calculation results [Rockstuhl 2007, Rockstuhl 2008]. We want to point out that 
such highly localized effects may correspond to a decrease of the ergodicity and, 
therefore, may be detrimental to reach the Yablonovitch's 4n2 limit discussed in 
the previous section.  
(b) 7KHORFDODQJOHVRIWKHVXUIDFHZLOOEHKLJKWKHUDWLRırms/T is typical of the rms 
slope of the surface) and may vary significantly from place to place on the 
surface. Figure 6.7 shows the topography determined by AFM measurements for 
typical ZnO layers used in this work and the distribution of the local angles of  
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the surface with respect to the plane of the layer (presented later in the text). It 
clearly indicates that the range of significant values for the local angle is very 
large (from ~20° to ~60°). The consequence will be large local variations of the 
Fresnel's coefficients of reflection. For the case of a ZnO/air interface, the 
FRQGLWLRQRIWRWDOUHIOHFWLRQZLOOEHUHDFKHGRQDODUJHIUDFWLRQRIWKHVXUIDFHVșc 
in air is 30° for n~2). Again this gives pertinence to the ray-tracing approach in 
[Schulte 2007]. Note that, no total internal reflectance will occur for light in 
transmission through a ZnO/Si interface. 
(c) Twice the correlation length T used to describe random surfaces is the analog of 
WKHSHULRGȁRISHULRGLFVWUXFWXUHV,QGHHGWKHUDQGRPVXUIDFHFDQEHVHHQDVa 
FRQWLQXRXV VXSHUSRVLWLRQ RI LWV )RXULHU FRPSRQHQWV 7KHUHIRUH LI 7!!Ȝ LV
violated, according to the grating equation sin(șq)   TÂȜȁ KLJKHU RUGHUV RI
diffraction will become evanescent. In the case of a perfect dielectric/dielectric 
interface, the energy corresponding to evanescent orders is redistributed among 
the lower orders of diffraction (if they exist) and into the specular direction 
(order 0) (Wood's anomalies [Wood 1902]). Conversely, for a perfect 
dielectric/metallic interface, these evanescent modes will excite surface 
plasmons (see e.g. [Raether 1988] and [Haug 2008b]) and therefore will be absorbed.  
(d) ,I 7Ȝ RU 7Ȝ HYHQ WKH ILUVW RUGHU RI GLIIUDFWLRQ EHFRPHV HYDQHVFHQW DQG D
dielectric/metallic interface may become completely dark. In the case of a perfect 
dielectric/dielectric interface, all the incoming energy will be redistributed in the 
specular direction similarly WR WKH FDVH RI YHU\ VPDOO URXJKQHVV ıȜ ,Q
addition, the use of the effective medium approximation (EMA) [Bruggeman 1935, 
Landauer 1952, Tinga 1973] will be needed to model the effective refractive index of 
the rough interfacial region [Springer 2004, Hagemann 2008], which will behave as an 
Kirchhof approximation  
Electric-field E at a point P just above the surface: 
 
E(P) = Einc (1+R) 
 
where Einc is the electric-field of the incident radiation and R is the coefficient of 
reflection of the surface. Therefore this approximation consists to consider that the 
incident radiation is reflected from planes tangent to the points of the surface. 
Fig. 6.1 Two reflective surfaces with (a) large and (b) small radii of curvatures r FRPSDUHGWRWKHZDYHOHQJWKȜ
,QEUȜDQGWKHUHIRUHWKH.LUFKKRIDSSUR[LPDWLRQFRPSOHWHO\IDLOV)LJXUHDGDSWHGIURP>%HFNPDQQ@ 
Ȝ 
r 
(a)   U!!Ȝ 
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index matching region, therefore decreasing the optical reflectance of the 
interface.  
The last limitation D is actually not an issue, because Beckmann and Spizzichino 
proposed a method in their monography to apply the B-K theory to a surface with a 
different distribution of heights [Beckmann 1963]. Actually, by providing data of AFM 
measurements, numerical calculations can always be carried out without knowing the 
H[DFW H[SUHVVLRQV IRU WKH DXWRFRUUHODWLRQ IXQFWLRQ&Ĳ RI WKH VXUIDFH ȗ[\ DQG IRU its 
distribution of heights w(z). 
We will see following this chapter that the B-K theory gives good results despite all 
these limitations. However, it is important to keep them in mind when analyzing results.  
 
6.2.2 Usage of the scalar scattering theory for haze calculation  
The most well known result of the B-K theory concerns the spectral dependence of the 
ratio of the diffuse to the total reflected intensities in a medium of refractive index n1 
(namely the haze in reflection HR = Rdif/Rtot). It is valid if the verticals heights z  ȗ[\
RIWKHUHIOHFWLQJVXUIDFHȗDUHQRUPDOO\GLVWULEXWed: 
 
if   w(z)  ʌı2)-1/2exp[±z2ı2],    then  HR(Ȝ= 1 ± exp[± ÂʌȜÂıÂQ1FRVș1)2].     (6.5) 
 
This result indicates that HR LVDIXQFWLRQRIWKHUDWLRıȜPXOWLSOLHGE\FRV ș1ZKHUHı2 is 
WKH YDULDQFH RI WKH*DXVVLDQ SUREDELOLW\ GHQVLW\Z] DQG ș1 the angle of incidence of  
the light with respect to the normal at the plane defined by the x and y axis. If w(z) 
DVVRFLDWHGWRWKHVXUIDFHȗLVD*DXVVLDQIXQFWLRQı ırms = (1/N·Ȉi=1..N(zi ± <z>)2)1/2 can 
be calculated from the N data points zi(xi,yi) obtained by AFM measurements. The 
physical interpretation of (6.5) is that the rough surface produces a reduction of the 
reflection in the specular direction by means of averaged interferences between outgoing 
waves, the later having experienced different phase shifts introduced by the local 
variation of the height of the surface. This is why in (6.5), HR is only sensitive to the 
YHUWLFDO YDULDWLRQV RI WKH VXUIDFH ȗ[\ SURMHFWHG RQWR WKH GLIIHUHQFH LQ ZDYH YHFWRUV
between the incident and the scattered waves. The factor 2 in the exponential in (6.5) 
comes from this difference.  
This formula was extended to the case of diffuse transmittance by Carniglia with the 
OLPLWDWLRQı7DQGWKHSDUD[LDODSSUR[LPDWLRQGLVFXVVHGDERYH+HDSSUR[LPDWHGWKH
projection on the z direction of the difference in wave vectors between the incident and 
the transmitted scattered waves by k·(n1cos ș1±n2FRVș2) where ș2 is the angle of specular 
WUDQVPLVVLRQJLYHQE\ WKH6QHOO¶V ODZ)LJ. 6.2 illustrates the geometry of the situation. 
For the haze in transmission (HT) this yields [Carniglia 1979]: 
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)LJ*HRPHWU\RIWKHOLJKWVFDWWHULQJE\DURXJKVXUIDFHȗ[\LQUHIOHFWLRQDQGLQWUDQVPLVVLRQ7KHLQGH[HVLU
WUHIHUWRLQFLGHQWUHIOHFWHGDQGWUDQVPLWWHGZDYHVUHVSHFWLYHO\ș1 DQGș2 are the angles of specular reflection and 
WUDQVPLVVLRQJLYHQE\ș1  și DQGE\WKH6QHOO¶VODZQ1ÂVLQș1 = n2ÂVLQș2. In his calculations, Carniglia restricted the 
DQJOHVșr DQGși WZRVPDOOGHYLDWLRQVIURPș1 DQGș2, respectively. 
 
HT = 1 ± exp[ ± ʌ/ȜÂı·|n1cos ș1ín2cos ș2|)2].    (6.6) 
 
Defining an effective wavelength Ȝeff,R as Ȝ/(2n1cos ș1) and Ȝeff,T DVȜ_Q1cos ș1 í n2cos ș2|, 
it follows from (6.5) and (6.6), that in WKHOLPLWRIORQJZDYHOHQJWKVıȜWKHVFDODU
VFDWWHULQJ WKHRU\ SUHGLFWV D Ȝeff-2 law for the diffuse scattering. However, Zeman et al. 
experimentally observed DȜeff-3 dependence for the haze in transmission of Asahi U-type 
SnO2 layers [Zeman 2000]. Therefore they proposed a modified scalar theory expression by 
replacing, in (6.5), WKHSRZHUIDFWRUE\DILWWLQJSDUDPHWHUȕT: 
   
HT = 1 ± exp[± ʌ/ȜÂı·|n1cos ș1ín2cos ș2|)ȕT].     (6.7) 
 
Note that Stiebig et al. mentioned power factors larger than 3 for ZnO:Al layers textured 
by post-etching in HCl [Stiebig 2000]. 
Krc et al. proposed to add two fitting parameters CR~1 and CT~0.5 in the expressions 
DQGUHVSHFWLYHO\DQGWRPDNHWKHVHILWWLQJSDUDPHWHUVGHSHQGHQWRQȜ 
 
 HR = 1 ± exp[± ʌȜÂıÂ&RȜÂQ1ȜFRVș1)2],       (6.8) 
HT = 1 ± exp[± ʌ/ȜÂı·CTȜÂ_n1Ȝcos ș1ín2Ȝcos ș2|) ȕT].  (6.9) 
 
This modification allowed these authors to perfectly fit experimental data obtained by 
measurement in air and to extrapolate them at the TCO/Si internal interfaces [Krc 2002]. 
This technique was used to carry out optical simulation of thin-film a-Si:H cells [Krc 
2003] and the relation (6.8) and (6.9) implemented in the software SunShine of the 
University of Ljubljana.  
] ȗ[\ 
y 
și ș1 
ș2 
x 
șr 
șt 
n1 
z 
n2 
Chapter 6: Scattering of the light transmitted through a rough nano-textured front contact ZnO layer  
 
78 
6.2.3 Non-paraxial scalar scattering theory 
 In this section we conclude our theoretical overview on light scattering with a 
consistent presentation of how Harvey et al. use the scalar theory to calculate large angle 
light scattering by an arbitrary diffracting screen [Harvey 1979, Harvey 1989, Harvey 1999,  
Harvey 2007]. The main idea is that, if we consider radiance and not intensity, the use of the 
transfer function approach of linear systems theory is still possible in the case of non-
paraxial diffraction. As Fourier transforms and convolutions are familiar in the framework 
of the paraxial approximation of image formation systems, this gives a powerful insight in 
the phenomenon of diffraction even under large angles (see also [Hopkins 1985, Hopkins 1991]). 
In the following we restrict the discussion to the case of diffuse transmittance; it can 
easily be adapted to the case of diffuse reflectance [Harvey 1989]. 
The general Rayleigh-Sommerfeld diffraction formula for the problem of diffraction 
by an arbitrary screen, valid down to the position z=0 of the plane P0 of the screen, is: 
 
         ,   (6.10) 
where  and                                    . 
It can be derived [Harvey 1979] with the only assumption of the existence of a Fourier 
transform of the initial disturbance U0(x,y;z=0) of the scalar field in the plane P0, and, of 
course, the request that any monochromatic wave propagating through the free space 
satisfies the Helmoltz's time-independent wave equation. 
In the following, the complex amplitude distribution emerging from the screen is given 
by U0(x,y;z=0) = Uin[\] ÂWS(x,y) where Uin is the scalar field before the screen and tS 
is the complex amplitude transmittance of the screen. In addition, an observation 
hemisphere of radius r is centered on the diffracting screen. Moreover, the Cartesian 
coordinate system and all distances are renormalized in units of wavelength: X = [Ȝ 
Y = \Ȝ= = ]Ȝ5 = UȜ510 = r10Ȝ7KHUefore, the position vector of an arbitrary point of 
REVHUYDWLRQ RQ WKH REVHUYDWLRQ KHPLVSKHUH LV H[SUHVVHG E\ LWV GLUHFWLRQ FRVLQHV Į ȕ Ȗ
(see Fig. 6.3): 
Į = X/R, ȕ = Y/R, Ȗ = Z/R with R2 = X2+Y2+Z2.  (6.11) 
 
The angular spectrum of plane waves can be written as the Fourier transform of  the 
amplitude distribution emerging from the screen, using the direction cosines as the 
reciprocal variables in the Fourier space (see e.g. [Goodman 1968]). In the treatment of 
Harvey, the usage of the scaled coordinates system simplifies the mathematical 
expressions of the angular spectrum.  After rewriting the quantity r10Ȝ 510 in (6.10) as a 
function of R: 
   R10 = R(1+İ); İ= (R10±R)/R,     (6.12) 
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the utilization of this scaled coordinate system and of the algebraic substitution (6.12) 
allow to rewrite the usual Rayleigh-Sommerfeld diffraction formula (valid at distances 
larger than many wavelengths from the diffracting screen: R = UȜ >> 1) as a Fourier 
transform integral, where the reciprocal variables in the Fourier space are the direction 
FRVLQHVĮȕ 
 
           .   (6.13) 
The function to be Fourier-transformed in (6.13): 
            (6.14) 
is a generalized pupil function [Harvey 1979]. It contains the transmittance ts of the screen 
and a wave front aberration function W(R). This quantity W(R) contains the phase 
variations produced by the terms of the binomial expansion for R10-R, except for the term 
used in the Fourier kernel. If all these terms are preserved in W(R), (6.13) is exact without 
restriction on the size of the aperture or on the diffraction angles we would consider. In 
the case of a planar aperture and a hemispherical observation plane, Harvey showed that 
W(R) takes the form of all the well known conventional aberrations for this geometrical 
configuration: defocus, astigmatism, coma, and spherical aberration. 
 Therefore, (6.13) establishes that the result on the observation hemisphere of the 
diffraction process produced by a plane wave in normal incidence on the screen is the 
Fourier transform of a generalized pupil function tsÂei2ʌ:(R)İ RI WKH VFUHHQ 7KLV
follows from the fact that the coordinates of the point of observation projected on the 
plane P0 (the direction cosines) are the reciprocal variables in the Fourier space (see  
Fig. 6.3). Because the aberration effects contained in the quantity W(R) have well known 
expressions (tabulated in [Harvey 1979]), it can be discarded in (6.14). This is equivalent to 
the Fresnel's approximation in rectangular coordinates, but here, the difference with the 
actual diffraction pattern can still be calculated in terms of aberrations, for any aperture 
size, observation hemisphere radius and angle of diffraction. The relation (6.13) is also 
true for "quasi-near field" distances much smaller than the minimal distance imposed 
by the usual Fraunhofer's region r >> ʌb2/Ȝ, where b is the radius of the diffracting area. 
This is because the Rayleigh-Sommerfeld diffraction formula requests only distances 
larger than many wavelengths. If from now on we neglect the aberrations contained in the 
quantity W(R), and we suppose r >> b (i.e. İQHJOLJLEOH), the equation (6.13) reduces to: 
 
U(Į, ȕ; R) = ȖÂei2ʌR/iR F{Uin;<Âts(X, Y)}= ȖÂei2ʌR/iR F{U0(X, Y; 0)} (6.15) 
 
where F^Â`denotes the Fourier transform operation.   
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Fig. 6.3: 6FKHPDWLFVRIWKHUDGLDQFH/ĮȕRIDQLQILQLWHGLIIUDFWLQJVFUHHQLQwatts per steradian and per units of 
projected area) and WKHFRUUHVSRQGLQJUDGLDQWLQWHQVLW\,ĮȕRQWKHobservation hemisphere, when two beams of 
area As, one in normal incidence and one ZLWKDQHOHYDWLRQDQJOHș0, are diffracted. It follows from the shift theorem 
RI WKH)RXULHU WUDQVIRUP WKHRU\ WKDW HYHQXQGHUD ODUJHDQJOHRI LQFLGHQFH WKH UDGLDQFH/Į ȕ) is shifted in the 
direction cosines space. But then, a significant amount of diffracted radiance may lie outside the unit-FLUFOHĮ2ȕ2=1 
and becomes evanescent. Figure adapted from [Harvey 1989]. 
 
Three points must be made before obtaining the final non-paraxial scalar diffraction 
theory [Harvey 1999]  WKH GLIIUDFWHG DPSOLWXGH 8Įȕ RQ WKH REVHUYDWLRQ KHPLVSKHUH
must be converted into a diffracted radiance /ĮȕDFRUUHFWLRQRI/ĮȕPXVt be 
performed to take into account the non-propagating evanescent waves; and (3) the 
corrected radiance /ĮȕPXVWEH FRQYHUWHG LQWR DGLIIUDFWHG radiant intensity ,Įȕ
These three points are developed below: 
(1) The irradiance dP/dAc  _8Įȕ_2 (in units of watts per units of the area Ac of the 
FROOHFWRULVWKHVTXDUHGPRGXOXVRIWKHVFDODUDPSOLWXGHDWWKHREVHUYDWLRQSRLQWĮȕRQ
the hemisphere. If we observe that the surface dAc on the hemisphere subtended by a solid 
DQJOHGȍLVdAc = r2ÂGȍ Ȝ2R2ÂGȍ  Ȝ2R2VLQșGșGĳ  Ȝ2R2GĮGȕȖZHILQGWKDWWKHradiant 
Before the screen: 
   beams (area As) in normal incidence and   
   with an elevation angle ș0    
   Uin(X, Y; Z) = Uin'(X, Y; Z) + Uin''(X, Y; Z) 
On the observation hemisphere:  
    radiant intensity I(Į, ȕ)  
    = L(Į, ȕÂFRVș 
Just after the screen: 
    U0'(X, Y) = Uin
;<ÂWs(X, Y) and 
    U0''(X, Y) = Uin'(X, Y; 0ÂWs(X, Y)ÂeLʌȕ0Y¸ 
    ZLWKȕ0  VLQș0 
I''(Įȕ5 = I'(Įȕ-ȕ0) = L'(Įȕ-ȕ0)ÂFRVș 
Shift theorem of Fourier transform theory: 
F{U0(X, <ÂH2iʌȕ0Y} = U(Į, ȕ-ȕ0) 
Æ Shift invariance of the radiance: 
L''(Į, ȕ) = Ȝ2/AsÂ|F{U0''(X, Y)}|2 
                     = Ȝ2/AsÂ|F{U0'(X, YÂH2iʌȕ0Y}|2 
              = L'(Įȕ-ȕ0) 
Observation hemispere 
radius R = r/Ȝ 
< \Ȝ; 
ȕ VLQ ș 
 
Beam with an 
elevation angle ș0 
Uin''(X, Y; Z) =  
Uin
;<=ÂHi2ʌȕ0Y 
/

Įȕ) 
= L'Įȕ-ȕ0) 
ș0 
,
Įȕ)  /
Įȕ)ÂFRVș 
R
ȕ0 
R10 
ș 
Beam in normal 
incidence Uin'(X, Y; Z) 
Z = zȜ 
Plane P0: infinite diffracting screen  
(LPCVD ZnO layer) 
Į2ȕ2 =1 
Į2ȕ2 =1 
,QWKHGLUHFWLRQFRVLQHVVSDFHĮȕ: 
   radiance of the screen L(Į, ȕ)  
   = Ȝ2/AsÂ|F{U0(X, Y)}|2 
ȕ 
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intensity WKURXJKGȍLQXQLWVRIZDWWVSHUVWHUDGLDQ but expressed in the direction cosines 
space) is IĮȕ  G3Gȍ Ȝ2R2ȖÂ_8Įȕ_2. Therefore, for a source area AS, the radiance 
/Įȕ) = d23GȍÂȖG$s) diffracted in the direction of the observation point on the 
hemisphere (in units of watts per steradian and per units of the projected area Ȗ$s of the 
radiant surface on the plane normal to the observation direction) is, using (6.15): 
 
L(Į,ȕ) = Ȝ2R2/(Ȗ2AsÂ_8Į, ȕ; R)|2  Ȝ2/AsÂ|F{U0(X,Y;0)}|2 ,    (6.16) 
 
which is compatible with the relation (21) in [Harvey 1999]. 
(2) Each spectral component of the solution (6.13) must obey Helmoltz's equation. 
7KHUHIRUHȖZKLFKLVWKHDQDORJLQWKHGLUHFWLRQFRVLQHs space of the z component of the 
reduced wave-vector in the usual Fourier space, is given by: 
 
Ȗ >±Į2±ȕ2]1/2.          (6.17) 
 
7KXVRQO\ZDYHVZLWKȖ UHDOZLOOSURSDJDWHZKHUHDVZDYHVZLWK LPDJLQDU\ȖDUHQRQ-
propagating evanescent ones. In other words, only the portion of the radiance-distribution 
IXQFWLRQ /Įȕ O\LQJ LQVLGH WKH XQLW-circle in the direction cosines space is real and 
contains radiant power (the angle of difIUDFWLRQ ș LV ʌ ZKHUHDV WKH SDUW RI /Įȕ
extending beyond this unit circle is imaginary and is therefore evanescent. Harvey 
SURSRVHGWRGLVFDUGWKHHYDQHVFHQWSDUW/Įȕ_Į2ȕ2>1 and, in order to conserve the total 
energy, to renormalize the part LĮȕ_Į2ȕ2<=1 of the radiance distribution inside the unit-
circle with a factor K defined as the ratio of total energy over the energy inside the circle: 
 
  /
Įȕ_ Į2ȕ2>1 = 0, 
/
Įȕ_ Į2ȕ2<=1  .Â/Įȕ.        (6.18) 
 
Harvey notes that this method of renormalization is consistent with Wood's anomalies 
[Wood 1902] observed in reflection for diffraction gratings [Harvey 1999]. In the case of non-
normal incidence XQGHU D ODUJH HOHYDWLRQ DQJOH ș0, a significant amount of diffracted 
radiance may lie outside of the unit-circle (see Fig. 6.3). This is because the radiance 
/ĮȕLVVKLIWHGLQthe direction cosines space, according to the shift theorem of Fourier 
transform theory [Harvey 1999].  
(3) When a comparison is made between an experimental result and a theoretical 
calculation, we must take into account the fact that the photogoniometer measures an 
intensity I = G3GȍLQZDWWVSHUVWHUDGLDQZKHUHDVERWK WKHVFDODUDQGYHFWRU WKHRULHV
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predict the radiance L = d2P/(GȍG$SFRVș) of the source. Harvey proposed to convert the 
UDGLDQFH/SURYLGHGE\ WKH WKHRU\ LQWRDQ LQWHQVLW\ ,șZLWKDVLPSOHPXOWLSOLFDWLRQE\
the /DPEHUW
V IDFWRU Ȗ$S = ASÂFRV ș 7KLV UHPRYHV WKH GLVFUHSDQFLHV EHWZHHQ WKH %-K 
theory and experimental results [Harvey 2007] observed by O'Donnel and Mendez [O'Donnel 
1987]. Therefore, having assumed that the size of the diffractive area is much smaller than 
the radius of the observation hemisphere and having neglected the aberrations contained 
in the quantity W, if now we assume an isotropic radiation over the azimuthal angles, the 
ILQDOH[SUHVVLRQIRUWKHUDGLDQWLQWHQVLW\LQWKHGLUHFWLRQșLVILQDOO\: 
 
,ș Ȗ$S/
Įȕ .ÂFRV șÂȜ2Â|F{U0(X,Y;0)}|2, cos2 ș Ȗ2 = 1± Į2ȕ2).   (6.19) 
 
If the scalar field U0 is randomly distributed, its Fourier transform cannot be calculated 
analytically. But according to the Wiener±Khinchin theorem, its power spectral density 
|F{U0(X,Y;0)}|2 is equal to the Fourier transform of its autocorrelation function C(U0). 
Therefore, if an analytical expression of C(U0) is known (e.g. if a plane wave interacts, 
ZLWKDVXUIDFHȗ[\ZLWKD*DXVVLDQGLVWULEXWLRQRIKHLJKWV [Harvey 1989]), an analytical 
solution can be written.  
To conclude this section we summarize the advantages and the limitations of this new 
formulation of the B-K theory. The advantages are: 
A) In contrast with the B-K theory, it is valid for reflection or transmission for all 
angles of incidence and all angles of diffraction; however the aberration effects 
contained in the quantity W for the non-paraxial conditions must be checked 
separately. 
B) Identically to the B-.WKHRU\WKHUHLVQROLPLWDWLRQIRUWKHUDWLRıȜ 
C) Local fluctuations of the Fresnel's reflection coefficients due to variations of the 
local slopes of the surface can be included in the complex transmittance ts(X,Y) of 
the screen. But of course this can be done for only one given angle of incidence; 
multiple (back) scattering is thus not included.  
D) ,I7aȜ WKHDSSDULWLRQRIHYDQHVFHQWPRGHV LV LQFOXGHG%XWZHQHHG WRFKRRVH, a 
priori, between redistribution in propagating modes (perfect dielectric) [Wood 1902] 
and plasmonic absorption (metallic interface) [Haug 2008b]. We believe that in most 
practical situations, the optical interface belongs to a class somewhere in-between 
those two extremes. In case of total dissipation of the energy transferred in 
evanescent modes, the factor K in (6.18) and (6.19) should be set to unity.  
E) ,I7ȜWKHWUDQVIHURIWKHHQHUJ\RIWKHst order into the specular direction is of 
course also included. However the apparition of the index grading effect (which can 
be modeled by the EMA, see section 6.3.1) seems not to be included. Actually, all 
the evanescent modes lie outside of the unit-circle in the direction cosines space, 
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and then, the theory re-injects them in the specular direction weighted by the  
factor K (relation (6.18)). Therefore, we propose that the change of transmittance 
and reflectance, corresponding to the index grading effect modeled by the EMA, 
can be included in the quantity K. This corresponds to impose conservation of 
energy, considering at the same time transmittance and reflectance. We believe that 
this is in agreement with the underlying physical mechanism modeled by the index 
JUDGLQJ HIIHFW REVHUYHG ZKHQ 7Ȝ [Hagemann 2008]. Indeed, the evanescent mode 
propagates but only in the plane of the interface. Therefore, we presume that these 
modes have the possibility to probe both materials of the interface before being 
rejected in the specular direction, resulting in the averaging of the optical 
coefficients modeled by the EMA. 
F) In contrast with the B-K theory, which is restricted to the Fraunhofer region, the 
relation (6.13) provides a "quasi-near field" theory, valid in the limit of the 
Rayleigh-Sommerfeld diffraction formula U!!ȜZLWKDSUDFWLFDODSSOLFDELOLW\XQWLl 
DERXWU!Ȝ[Harvey 2002], [Harvey 2003]. As the largest effective wavelength of interest 
LQȝF-Si:H is ~1000/3.5 = 286 nm, with n~3.5, this means that scattered field at a 
GLVWDQFHRIDERXWÂaQPLQDȝF-Si:H solar cell could be considered using 
this theory. 
However, two strong limitations remain: 
A) Identically to the B-K theory, it does not include multiple scattering and shadowing 
effects, ZKLFKW\SLFDOO\RFFXUZKHQı!!Ȝ. However, simple shadowing effects can 
be included by zero values in the complex transmittance ts(X,Y) of the screen. 
B) ,W LV QRW D UHDO QHDU ILHOG WKHRU\ 7KHUHIRUH GLVWDQFHV HTXDO RU VPDOOHU WKDQ Ȝ
cannot be assessed. By the wayLI7ȜKLJK-field effects [Rockstuhl 2008] near high 
curvature regions of the surface cannot be studied with this theory. 
Once the complex transfer function of the rough interface is known, the problem of 
diffraction can be numerically solved very effectively because this non-paraxial scattering 
theory requires the calculation of a single bi-dimensional Fourier transform. Therefore, 
even if it does not offer all the advantages of a rigorous calculation performed with a 
finite-element approach, its effectiveness and its natural interpretation in the framework 
of linear systems theory are appreciable. The next section is devoted to the determination 
of a transfer function for our ZnO layers and to the presentation of ARS calculation 
results. Our approach is original because it applies the complete scalar scattering theory, 
not the well known haze formulas which are results of the theory, to the case of very 
rough TCO layers used for thin-film PV devices, and uses a random phase screen for the 
modeling of the surface morphology. 
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6.3 Diffuse transmittance through surface-textured LPCVD ZnO layers 
6.3.1 Modeling of the ZnO layers 
TKH RSWLFDO LQWHUIDFH SURGXFHG E\ WKH UDQGRP VXUIDFH ȗ RI D /3&9' =Q2 OD\HU LV
schematically illustrated in Fig. 6.4. The top part of the figure concerns surfaces with a 
large enough correlation length T, such that geometrical optics still applies (T>>lateral 
FRKHUHQFHOHQJWK!Ȝ)ROORZLQJDUD\WUDFLQJDSSURDFKLWZRXOGEHSRVVLEOHWRFDOFXODWH
DQ HTXLYDOHQW DQJOH RI UHIUDFWLRQ șSnell for each pyramidal facet typical of our LPCVD 
=Q2OD\HUV+RZHYHUIRUWKHVHOD\HUV7!!ȜLVYLRODWHd, and diffraction effects must be 
considered. This will be managed with scalar scattering theory and the definition of 
appropriate complex amplitude transmittances ts(x, y) for diffracting screens equivalent to 
the ZnO layers. As these layers are reasonably transparent [Steinhauser 2007, Steinhauser 2008a], 
we choose to model ts(x, y) using a random-phase screen (RPS) [Goodman 1985]. We assume 
a SODQH ZDYH LQ QRUPDO LQFLGHQFH RQ WKH URXJK VXUIDFH WKHUHIRUH WKH SKDVH ĳ RI WKH
incident wave at the spatial coordinates (x, y; zminLQ)LJELVFRQVWDQWĳ ,QWKLV
figure, the coordinates zmin and zmax correspond to the minimum and maximum heights on 
WKHURXJKVXUIDFHȗ:HPRGHOWKHSKDVHFKDQJHDORQJWKHYHUWLFDOSDWKIURPWKHSRLQW[
y; zmin) to the point (x, y; zmax) by: 
 
ĳ(x, y; zmax) = ĳ0 NÂ]1Ân1 NÂ]2Ân2      
                    = ĳ0 NÂ(ȗ(x, y) ± zmin)Ân1 NÂ]max ± ȗ[\ÂQ2   
                    = C NÂȗ(x, y)Â(n1 ± n2),          (6.20) 
 
where C is a constant, k = 2ʌ/ȜLVWKHwave-number of the incident light, and n1, n2 are the 
refractive indexes of ZnO and of the outgoing medium, respectively. By getting rid of the 
constant C, this model provides the following expression for the amplitude transmittance 
of the RPS: 
   
    ts(x,y) = exp[i2ʌ/ȜÂ ȗ[\ÂQ1±n2)].       (6.21) 
 
Note that ts is only an approximation of an exact amplitude transmittance for the ZnO 
layer. Indeed, the model does not allow diffraction in the space between zmin and zmax, and 
therefore does not reproduce the exact wave-front propagation in the peak-to-valley 
height of the rough surface.  
)RUWKHFDVHRIDQLQILQLWHIDFHWWKHDQJOHRIUHIUDFWLRQĮ2 LVUHODWHGE\6QHOO¶VODZWR
WKHORFDODQJOHRILQFLGHQFHĮ1 of the wave on the facet: 
 
sin Į2 = n1/n2Âsin Į1.         (6.22) 
Chapter 6: Scattering of the light transmitted through a rough nano-textured front contact ZnO layer  
 
85 
 
Fig. 6.4: Modeling of a random optical interface. (a) Ray optics approximation if the correlation length T is  
much larger than the wavelength. (b) Modeling by a random-phase screen (RPS) of complex amplitude 
transmittance ts(x,y). 
 
As the wave is normally incident on the x-y planeĮ1 is also equal to the (local) angle of 
the facet with respect to the x-y plane. Because Į2  Į1 ș2,Snell (see Fig. 6.4), the relation 
(6.22) can be rewritten as:  
 
sin ș2,Snell = (n1/n2 ± cos ș2,SnellÂWDQ Į1.       (6.23) 
When the infinite facet is modeled with the RPS, the amplitude transmittance (6.21) is 
SHULRGLF ,WV SHULRG ȁ LQ WKH GLUHFWLRQ RI WKH JUDGLHQW RI ȗ(x, y) on the facet is 
ȁ ʌWDQĮ1ÂkÂ(n1±n2)). The angle of diffractiRQș2,RPS is therefore related to the local 
DQJOHRILQFLGHQFHĮ1 E\WKHJUDWLQJHTXDWLRQVLQșq  TÂȜȁDWWKHst order: 
 
sin ș2,RPS = ȜQ2)/ȁ = (n1/n2 ± 1)Âtan Į1.           (6.24) 
From comparison of (6.23) and (6.24), we see that the RPS model is valid for small 
angles of diffraction ș2,RPS, i.e. for small local DQJOHVĮ1 of the rough surface, but fails for 
ĳin ĳ0 ĳin ĳ0 
n1 
n2 
z1 
z2 
x 
] ȗ[ 
x=x1 
ĳout(x) = C + NÂȗ[Ân1±n2) 
 
n1 
n2 
x 
] ȗ[ 
zmax 
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Į1 
Į2 
7ĺ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7ĺ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large angles of diffraction, predicting too large values of ș2,RPS when n1/n2>1 and too 
small absolute values of ș2,RPS for n1/n2<1 e.g. for a ZnO/a-Si:H interface. A quantitative 
comparison is given in Fig. 6.5, where ș2,RPS and ș2,Snell and their relative differences are 
SORWWHGYHUVXVWKHDQJOHĮ1 of inclination of the infinite facet for the cases of a ZnO/air and 
a ZnO/a-Si:H interface. For the ZnO/air interface, ș2,RPS is slightly underestimated, within 
DQHUURUXQWLOĮ1 = 27°. However the critical angle of total internal reflection is too 
large: 45° instead of 30°. On the contrary, for the ZnO/a-Si:H interface, the model slightly 
RYHUHVWLPDWHVș2,RPS ZLWKDQHUURUXQWLOĮ1 )RUIDFHWVZLWKĮ1 larger than 50° 
WKHHUURUVWURQJO\GLYHUJHVDQGIRUĮ1=65°, the transmission wrongly becomes evanescent. 
Therefore, the concept of phase-screen fails in correctly encoding a large slope of the 
surface in ts(x, y). On the basis of Fig. 6.5 we roughly consider that the RPS is reasonably 
YDOLGXQWLOĮ1IRUD=Q2DLULQWHUIDFHDQGXQWLOĮ1<45° for a ZnO/a-Si:H interface. 
  
Fig. 6.5: Comparison of the angles of specular directions between a single pyramidal facet and its phase screen 
model. (a) ZnO/air interface, (b) ZnO/a-Si:H interface. 
 
Note that these discrepancies relate to the refraction produced by a single facet. They 
ZLOOWKHUHIRUHEHHIIHFWLYHRQO\LQWKHOLPLW7!!ODWHUDOFRKHUHQFHOHQJWK!ȜRIJHRPHWULFDO
optics. As the angular spectrum of the diffraction process is given by the spectral 
components of ts(x, y), i.e. its Fourier transform, we may expect that the number of 
pyramids per unit of area rather than the slope of some facets will dominate. The failure 
RI RXU PRGHO IRU KLJK VORSH YDOXHV RI WKH VXUIDFH ȗ[ y) must be kept in mind when 
analyzing further results. This is particularly true for ZnO layers without or with a short 
surface post-treatment, where the most probable angles of local surface elements with the 
plane of the substrate is typically 50° (cf. Fig. 6.7).  
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6.3.2 Comparison of measurements and calculations of the ARS in trans-
mitance for different LPCVD ZnO layers 
Experimental 
The front TCO layers used in this study are as-grown surface-textured ZnO films with 
two different doping levels obtained by low-pressure chemical vapor deposition (LPCVD) 
on AF45 borosilicate glass substrates from Schott. We will discuss three sets of ZnO 
VDPSOHV DVGHVFULEHG LQ7DEOHV WR7KH WRSRJUDSK\ ȗ[ \ RI WKH VXUIDFHRI WKH
layers and the root mean square value of their suUIDFHURXJKQHVVırms) are determined by 
atomic force microscopy (AFM), on a 10 x ȝP2 surface area, with either 256 x 256  
or 512 x 512 data points. The first set contains typical ZnO layers as optimized for our 
state-of-the-art single a-Si:H and micromorph tandem solar cells, further referred to as 
Set#1. The thickness of the layers of Set#1 is adjusted to obtain a sheet resistance of  
about 10 :/sq. Details on their characteristics are summarized in 7DEOH  7KH ırms 
values and the correlation lengths T of these surfaces are calculated on the basis  
of 10 x 10 ȝP2 AFM pictures with 512 x 512 data points. Histograms of the local angle of 
the surface with respect to the plane of the substrate are calculated with a Matlab function 
written by J. Bailat and published in the annexes of [Fay 2003].  
These surface characteristics depend on the thickness of the layers and on the duration 
of the plasma post-treatment applied to them. By increasing the duration of this post-
treatment, the surface changes from V- to U- VKDSHGPRUSKRORJ\DQGırms decreases.  
 
Table 6.1: Thickness d, carrier concentration N [Steinhauser 2007], post-treatment time tPT, surface roughness ırms, 
correlation length T and characteristic morphology of the valleys for the 1st set (Set#1) of front ZnO layers (Type-A1 
to -D1). Type-B1 and -A1: no post-treatment.  
Type of front ZnO (Set#1) A1 B1 C1 D1 
d ȝP 1.9 4.8 4.8 4.8 
N (cm-3) 1.4x1020 4x1019 4x1019 4x1019 
tPT (min) 0 0 20 60 
ırms (nm) 65 172 150 103 
T (nm) 206 452 428 551 
Morphology of valleys V-shape V-shape U-shape U-shape 
 
Note that the type-A1 ZnO is our standard layer as optimized for a-Si:H solar cells. 
The type-B1 ZnO (without post-treatment), whose sharp V-shaped structures prevent 
good electrical properties of the micromorph device, is presented only for the sake of light 
scattering comparisons. The low doping level used for deposition of the thick, large grain, 
ZnO layers (type-B1, -C1 and -D1) provides high transparency in the near infrared (NIR) 
spectral range because of reduced free carrier absorption (FCA) [Steinhauser 2007].  
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The second set of ZnO layers, referred to as Set#2, is a thickness series of as-deposited 
(no post-treatment) undoped ZnO layers. Deposition times tdep and thicknesses d, as well 
DV ırms values and correlation lengths T (calculated on the basis of 10 x 10 ȝP2 AFM 
pictures with 256 x 256 data points) are summarized in Table 6.2. 
 
Table 6.2: Deposition time tdep, thickness d, surface roughness ırms, and correlation length T for the ZnO layers of 
Set#2 (Type-A2 to -H2). 
Type of front ZnO (Set#2) A2 B2 C2 D2 E2 F2 G2 
tdep (min) 1 3 6 10 15 25 40 
d ȝP 0.070 0.260 0.700 1.37 2.12 3.76 6.00 
ırms (nm) 5 16 37 66 97 155 221 
T (nm) 56 69 117 173 228 371 534 
 
Finally, the third set of ZnO layers, referenced as Set#3, is a combination of double 
layers. The aim of these double layers is to assess if it is possible to add the respective 
advantages of the type-A1 ZnO layer (with small feature sizes) and of the type-C1 ZnO 
(with larger feature sizes). Indeed, these two types of front ZnO are, respectively, 
empirically optimal for the a-6L+ WRS FHOO DQG IRU WKH ȝF-Si:H bottom cell of a 
micromorph (cf. also chapter 7). Towards this purpose, we succeeded in producing layers 
with two different characteristic feature sizes on the same surface. This is done by the 
deposition of a thin (~5 nm) silicon oxide (SiOx) layer on the first deposited ZnO layer, 
which prevents an epitaxial growth of the ZnO layer subsequently deposited. Scanning 
electron micrographs of this type of layer (Fig. 6.6) indicate that its surface morphology is 
indeed very similar to the surface of the SnO2 layer with a double texture (W-texture) 
from Asahi, recently presented by Taneda et al. [Taneda 2007]. It is interesting to note that 
we independently developed a similar surface texture exactly at the same time as these 
authors. In this Set#3 of layers, the type-A3 ZnO is the first deposited and surface-treated 
layer, the type-B3 ZnO is the layer with the double-texture, the type-C3 is the layer co-
deposited with type-B3, but without SiOx in between the two ZnO films; and the type-D3 
ZnO is the reference, equivalent to type-C1. The fabrication sequences, including plasma 
post-treatment steps, are summarized in Table 6.3, with the resulting individual and total 
WKLFNQHVVHV DVZHOO DV WKH ırms values and correlation lengths T calculated on the basis 
of 10 x 10 ȝP2 AFM pictures with 512 x 512 data points. 
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Fig. 6.6: (a) 2¶500x and (b) 10¶000x scanning electron micrograph of a ZnO similar to the type-B3 ZnO discussed in 
the text. Note the similarity of the surface morphology with that of the SnO2 layer with double-texture (W-texture) 
from Asahi, recently presented by Taneda et al. [Taneda 2007]. 
  
Table 6.3: Individual (d1, d2) and total (dtot) thicknesses of the double-layer samples of Set#3 (type-A3 to -D3). The 
duration tPT1 and tPT2 of the possible plasma post-treatment introduced in the fabrication sequence are also indicated 
LQDGGLWLRQWRWKHVXUIDFHURXJKQHVVırms and the correlation length T of the surface. 
Type of front ZnO (Set#3) A3 B3 C3 D3 
d1 ȝP 3.6 3.6 3.6 4.5 
tPT1 (min) 20 20 20 20 
SiOx interlayer - yes no - 
d2 ȝP - 1.1 1.1 - 
tPT2 (min) - 2 2 - 
dtot ȝP 3.6 4.7 4.7 4.5 
ırms (nm) 100 102 152 159 
T (nm) 370 683 430 531 
 
The haze in transmission HTȜ LV calculated from total and diffuse optical 
transmittance measurements carried out with a Perkin-Elmer photo-spectrometer 
equipped with an integration-sphere. Angle-resolved scattering measurements (ARS) are 
performed with a laser beam Ȝ    QP normally incident on the glass side of the 
samples and a photodetector rotating in a plane normal to the direction of incidence. The 
diameter d of the laser beam is ~1.5 mm and the length of the arm of the photo-
goniometer is such that the radius r of the observation hemisphere is 115 mm. We assume 
an isotropic scattering over the azimuthal angle, as demonstrated for LPCVD ZnO and 
other TCO layers in [Poruba 2008], therefore, we scan only the polar angle ș, but from -90° 
to +90° in order to verify the alignment of the experimental set-up. We present the ARS 
measurements in two different ways:  
(a) (b) 
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(1) The normalized radiant intensity $56ș ,ș/P0  G3Gȍ!30 measured by the 
SKRWRJRQLRPHWHU LV SORWWHGRQD ORJ VFDOH YHUVXV WKH VFDWWHULQJDQJOHș with respect to  
the direction of the incident laser beam; where P0 is the total incident power and the 
brackets <·> denotes an average over the ensemble of realizations of a random process. 
When the illuminated surface area is much larger than the wavelength of the incident laser 
beam, this ensemble averaging is inherently contained in the experimental data, whereas 
in theoretical calculations, it is implicitly contained in the spectral density function 
associated to the random rough surface [Elson 1980]. 
(2) The intHQVLW\ PHDVXUHG DW D VFDWWHULQJ DQJOH ș is integrated over the azimuthal  
DQJOH ĳ FRQVLGHULQJ DQ LVRWURSLF VFDWWHULQJ RYHU ĳ. This second type of presentation 
provides the radiant LQWHQVLW\SHUXQLWRIVROLGDQJOHVFDWWHUHGDW WKHDQJOHș [Stiebig 2000, 
Schulte 2007]. The integration over ĳ yields a simple multiplication of the intensity by a 
IDFWRUVLQș:HWKHQ obtain a total intensity profile $56șÂ|sin ș| which is proportional to 
the probability density function associated, in the scattering process in a solid angle, to the 
angular distribution function (ADF) of the possible values for ș [Krc 2002]. Therefore, the 
most probable scattering angle corresponds to the position of the maximum of the profile 
$56șÂ_VLQș_ 
The ZnO layers are modeled with a phase screen of complex amplitude transmittance 
ts[\FDOFXODWHGZLWKWKHUHODWLRQIURPWKHKHLJKWVȗ[ y) obtained from the AFM 
measurements. Assuming Uin(X,Y;0) is the amplitude of a plane wave in normal 
LQFLGHQFHWKHUDGLDQFH/Į ȕLVQXPerically evaluated from relation (6.16) using the fast 
Fourier transform (FFT) algorithm to perform the bi-dimensional Fourier transform 
LQWHJUDWLRQ 7R UHGXFH QRLVH LQ WKH UHVXOW EHIRUH GHWHUPLQLQJ WKH LQWHQVLW\ ,ș IURP
ZHDYHUDJH/Į ȕE\LQWHJUDWLRQRYHUWKHD]LPXWKDODQJOHĳWDNLQJDGYDQWDJHRI
the cylindrical symmetry of the diffraction process through our ZnO layers. For the sake 
of simplicity, we set the factor K to unity in (6.19). This corresponds to assuming that the 
energy reflected back by total internal reflectance is lost for transmittance, and that, under 
normal incidence, the energy transferred in evanescent modes is negligible. 
Results and discussion for Set#1 samples 
The AFM pictures of the topography for the ZnO layers of Set#1 described in Table 
6.1, as well as the corresponding height histograms w(z) and local angle histograms, are 
presented in Fig. 6.7. The height distributions associated with the random surfaces are 
clearly not Gaussian. Indeed, without and with the short post-treatment (Type-A1 to -C1, 
tPT = 0 min and tPT = 20 min) the histograms indicate distributions with an asymmetric tail 
extending towards more positive values (positive skewness). For the long post-treatment 
(Type-D1, tPT = 60 min) the height histogram is symmetrical, but has a triangular shape. 
Comparing the samples Type-B1 and Type-C1 in Fig. 6.7(b) and (c), we observe that the 
effect of the 20 min post-WUHDWPHQWLVWRGHFUHDVHırms from 172 to 150 nm and to slightly 
increase the amount of local area with a local angle of ~30°. For 60 minutes of surface 
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post-WUHDWPHQWırms decreases down to about 100 nm and the most recurrent local angle 
value dramatically changes from ~50° without post-treatment to only 26°. 
 
 
 
 
 
 
Fig. 6.7: (a)±(d) AFM pictures of the topography for the LPCVD ZnO layers of Type-A1 to D1 described 
in Table 6.1. Next to each AFM picture, are shown the histograms corresponding to the distribution of heights and  
to the distribution of local angles of the surface with respect to the plane of the layer. For each layer, the value of the 
most frequent local angle Į1,m is indicated. 
Type-A1 
Type-B1 
Type-C1 
Type-D1 
(a) 
(b) 
(c) 
(d) 
ırms = 65 nm 
ırms = 172 nm 
ırms = 150 nm 
ırms = 103 nm 
Į1,m = 46° 
Į1,m = 52° 
Į1,m = 50° 
Į1,m = 26° 
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In Figs. 6.8(a) and (b) we compare ARS measurements and the corresponding total 
intensity profiles $56șÂ|sin ș| for the ZnO layers of this Set#1 of samples. For the thick 
ZnO layers (Type-B1 to D1), we observe in Fig. 6.8(a) that the effects of increasing the 
duration of the surface post-treatment is an increase of the intensity of the specular peak 
DQGDGHFUHDVHRIWKHLQWHQVLW\VFDWWHUHGLQWRODUJHDQJOHV_ș_!EXWDOVRLQ)LJ9(a), 
a shift of the most probable angle of scattering from 33° for the layer without surface 
treatment (Type-B1) towards 16° and 11° for the layers with 20 min (Type-C1) and 60 
min (Type-D1) surface treatment, respectively. Recalling that for a Lambertian diffuser,  
Fig. 6.8: (a) in-air ARS measurements for the 
LPCVD ZnO layers of Type-A1 to -D1 described in 
Table 6.1. (b$56șSUHGLFWHGIRUWKHVDPHOD\HUV
by the scalar scattering theory on the basis of the 
AFM data presented in Fig. 67KHZDYHOHQJWKȜ
is 544 nm. 
ARS measurement͕ʄсϱϰϰŶŵ 
Scalar scattering theory 
 ʄсϱϰϰŶŵ 
(a) 
(b) 
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the most probable angle of scattering is 45°, this clearly demonstrates that the surface 
treatment increases the gap between our real front TCO layers and a perfect Lambertian 
diffuser. It is noticeable that the small change in the histogram of local angles induced by 
the 20 min surface treatment (Fig. 6.7 (c)) induces a substantial change in the ARS toward 
smaller scattering angles. For the thin ZnO layer with small feature sizes and no surface 
treatment (Type-A1), we observe a larger intensity in the specular direction and a smaller 
diffuse intensity (i.e. a smaller haze value). However, the angular distribution of light 
scattered by the latter (i.e. the ADF) is, with a most probable scattering angle of 33° also, 
comparable to the ADF of the Type-B1 sample. 
Fig. 6.9: (a) Experimental total intensity profiles 
ARS(ș)·|sin ș| corresponding to the ARS measure-
ments of Fig. 6.8(a) integrated over the azimuthal 
DQJOH ĳ. (b) Prediction of the scalar scattering 
theory on the basis of the AFM data presented in 
Fig. 67KHZDYHOHQJWKȜLVQP 
Scalar scattering theory 
 ʄ = 544 nm 
(a) 
(b) 
ARS(T)·|sin(T)| 
ʄсϱϰϰŶŵ 
Type-A1 
Type-B1 
Type-C1 
Type-D1 
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In Figs. 6.8(a) and (b), we compare ARS measurements with the predictions of the 
non-paraxial scalar scattering theory. The same comparison is made in Figs. 6.9 (a) and 
(b) for the total intensity profiles $56șÂ|sin ș|. These comparisons show good 
agreement between ARS measurements and theoretical predictions based on the surface 
topography data obtained by AFM. Indeed, the scattering angles at which the diffuse 
intensities produced by the different layers intersect are almost the same between 
PHDVXUHG GDWD DQG FDOFXODWHG UHVXOWV +RZHYHU WKH FDOFXODWHG FXUYHV $56ș SUHVHQW
ripples, which correspond to diffraction orders, not visible in the ARS measurements. 
This is because the size of the area scanned by AFM (10 x ȝP2) is less than one order 
of magnitude larger than the correlation lengths T of the surfaces and therefore, the 
ensemble averaging, which should be implicitly contained in the spectral density 
functions associated to the random rough surface, does not perfectly cancel any local 
periodicity. Whereas, for the ARS measurement, the diameter of the laser beam incident 
on the surface (~1.5 mm) is 3 orders of magnitude larger than T and therefore, the 
ensemble averaging performed when the light probes such a large surface area cancels all 
periodicity. Despite of these ripples, it is possible to compare the most probable scattering 
DQJOHV SRVLWLRQ RI WKH PD[LPD RI $56șÂ_VLQ ș_ IRU WKH GLIIHUHQW OD\HUV :H VHH
comparing Figs. 6.9 (a) and (b) that theoretical predictions and direct measurements are 
compatible. Another noticeable difference between theoretical predictions and direct 
measurements is the higher slope, LQ ORJDULWKPLF VFDOH RI $56ș SUHGLFWHG IRU ODUJH
scattering angles (compare Figs. 6.8(a) and (b)). Another difference is the shape of the 
FXUYHV $56șÂ_VLQ ș_ IRU ODUJH VFDWWHULQJ DQJOHV _ș_! ZKLFK are concave in the 
theoretical predictions plotted in Fig. 6.9(b), whereas they are experimentally convex as 
seen in Fig. 6.9(a). Therefore, with the RPS models of the random rough surfaces, the 
scalar theory underestimates the scattering capability of our ZnO layers for large angles of 
diffraction. Schulte et al. made a similar observation with their ray-tracing approach 
applied to sputtered-etched ZnO samples and proposed to improve the accuracy of the 
theoretical predictions by adding Mie scattering [Schulte 2007], which describes scattering 
by features with a size comparable to the wavelength of the incident radiation. In our 
case, we could also explain the underestimation of the scattering capability of the ZnO/air 
interface for large angles of diffraction by looking back at Fig. 6.5(a). Indeed, we see in 
WKLV ILJXUH WKDWH[FHSW IRU WKHQDUURZUDQJHRIYDOXHVRIĮ1 comprised between 40° and 
45°, the RPS model actually underestimates the value of diffraction angles ș2,RPS larger 
than 20°. Note that the total internal reflection predicted by geometrical optics in Fig. 
DIRUĮ1>șc = 30° produces light trapping in the ZnO layer, which in turn produces a 
randomization of the angle of incidence at the ZnO/air interface and the escape of the 
light through the escape cone under angles with possible values as large as 90° (see 
section 6.1 and chapter 8).  
Although some discrepancies exist, as discussed above, the qualitative and quantitative 
agreement between experiments and theory for the angular distribution of light 
transmitted through the different LPCVD ZnO layers is remarkable.* 
* At the moment of publishing this thesis, an expression similar to (6.19) and (6.21) but derived from a 
different approach and leading, excepted for the specular part, to comparable results, has just been 
published by another group. See K. Jäger and M. Zeman, Appl. Phys. Lett. 95 (2009) 171108. 
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Results and discussion for Set#2 samples 
The previous results with Set#1 samples demonstrate the ability of scalar scattering 
theory, used in conjunction with the RPS approach, to predict ARS(ș for light 
transmitted in air through our LPCVD ZnO layers. Therefore, the question of how 
$56ș changes, when the ZnO/air interface is replaced by a ZnO/Si internal interface, 
can be tackled by our calculation method, for any wavelength of the incident light. 
Figures 6.10 and 6.11 show the predicted angular distributions of the light scattered in 
transmission by the Type-B2, -D2 and -F2 layers of Set#2 samples listed in Table 5.2, 
calculated for seven different wavelengths Ȝ ranging from 400 to 1000 nm.  
In order to compare only the effects of morphologies in the calculation, the refractive 
indexes of ZnO and a-Si:H are supposed constant for all wavelengths (nZnO = 2 and  
na-Si:H = 3.8). The results for ZnO/air interfaces are presented in Figs. 6.10(a-c) for 
$56șSORWWHGLQ ORgarithmic scale and in Figs. 6.10(d-f) for the total intensity profiles 
$56șÂ|sin ș|. The results for the case of scattering through internal ZnO/a-Si:H 
interfaces are presented in Figs. 6.11(a-F IRU $56ș DQG LQ )LJV 1(d-f) for 
$56șÂ|sin ș|. The comparison of the scattering through the ZnO/air interface, in 
Fig. 6.10, with the scattering through the internal ZnO/a-Si:H interface of a solar cell,  
in Fig. 6.11, indicates that: 
(1) The slope, LQ ORJDULWKPLF VFDOH RI $56ș LV KLJKHU IRU WKH LQWHUQDO =Q2D-Si:H 
interface than for the ZnO/air interface. This results in a dramatic shift of the total 
LQWHQVLW\SURILOHV$56ș·_VLQș_WRZDUGVVPDOOHUDQJOHVFRPSDUHGWRLQ-air scattering. 
(2) For the ZnO/air interface, the area under the total intensity profiles, i.e. the total 
diffuse transmittance Tdif = 5°
90°$56ș·VLQșdș, almost systematically decreases when 
Ȝ LQFUHDVHV H[FHSW IRU WKH URXJKHU 7\SH-F2 sample, with ırms = 155 nm, when 
ȜQP ,Q FRQWUDVW DQG LQ DFFRUGDQFHZLWK WKH KD]H YDOXHV SUHGLFWHG LQ VHFWLRQ
7.5.3 of chapter 7 for the internal ZnO/a-Si:H interface, Tdif almost does not decrease 
ZLWK LQFUHDVLQJ Ȝ YDOXHV IRU WKH 7\SH-F2 sample (ırms = 155 nm) and also for the 
Type-D2 sample (ırms = 66 nmZKHQȜQP 
(3) The positions of the maximum of the total intensity profiles $56șÂ|sin ș|, which 
FRUUHVSRQG WR WKH PRVW SUREDEOH VFDWWHULQJ DQJOH șM, shift in a somewhat, at first 
JODQFH FRPSOLFDWHG ZD\ ZKHQ Ȝ LQFUHDVHV 7KH DQDO\VLV RI WKLV EHKDYLRU IRU WKH
ZnO/air interface is made more difficult due to the ripple in the scattering profiles. A 
closer look at the profiles concerning the ZnO/a-Si:H interfaces reveals the rules 
uQGHUO\LQJ WKLV VKLIW RI șM ZKHQ WKH LQFUHDVH RI Ȝ SURGXFHs a decrease of Tdif, șM 
shifts towards larger anglesZKHUHDVZKHQWKHLQFUHDVHRIȜGRHVQRWFKDQJHTdif (i.e. 
WKH KD]H LV FRQVWDQW șM shifts towards smaller scattering angles. Therefore, these 
FDOFXODWLRQVLQGLFDWHWKDWZKHQȜLQFUHDVHVWKHVFDWWHULQJFDSDELOLW\DOZD\VGHFUeases, 
either because Tdif LH WKHKD]HGHFUHDVHVRUEHFDXVHșM decreases although Tdif is 
constant. 
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Fig. 6.10: (a)±(c$56șDQGG±I$56șÂ_VLQș_SURILOHVSUHGLFWHGE\WKHVFDODUVFDWWHULQJWKHRU\IRU7 values of 
WKHZDYHOHQJWKȜDQGQPRIWKHOLJKWWUDQVPLWWHG through the ZnO/air interfaces 
formed by the ZnO layers of type B2, D2 and F2 listed in Table 6.2. The rms values of their surface roughness ırms 
and the correlation lengths T deduced from AFM measurements are indicated in (a)±(c). For each sample the 
arrows in (d)±(f) indicate how the most probable scattering angle shifts when ȜLs increasing. 
 
  
1.00E-03
1.00E-02
1.00E-01
1.00E+00
1.00E+01
1.00E+02
1.00E+03
-90 -70 -50 -30 -10
Theta (deg)
AR
S 
(a.
u
)
l=400nm
l=450nm
l=500nm
l=544nm
l=633nm
l=800nm
l=1000nm
1.00E-05
1.00E-04
1.00E-03
1.00E-02
1.00E-01
1.00E+00
1.00E+01
1.00E+02
-90 -70 -50 -30 -10
Theta (deg)
AR
S 
(a.
u
)
l=400nm
l=450nm
l=500nm
l=544nm
l=633nm
l=800nm
l=1000nm
1.00E-03
1.00E-02
1.00E-01
1.00E+00
1.00E+01
1.00E+02
1.00E+03
-90 -70 -50 -30 -10
Theta (deg)
AR
S 
(a.
u
)
l=400nm
l=450nm
l=500nm
l=544nm
l=633nm
l=800nm
l=1000nm
0.00E+00
2.00E-02
4.00E-02
6.00E-02
8.00E-02
1.00E-01
1.20E-01
1.40E-01
-90 -70 -50 -30 -10
Theta (deg)
AR
S 
(a.
u
)*s
in
(Th
et
a) l=400nm
l=450nm
l=500nm
l=544nm
l=633nm
l=800nm
l=1000nm
0.00E+00
2.00E-02
4.00E-02
6.00E-02
8.00E-02
1.00E-01
1.20E-01
1.40E-01
-90 -70 -50 -30 -10
Theta (deg)
AR
S 
(a.
u
)*s
in
(Th
et
a) l=400nm
l=450nm
l=500nm
l=544nm
l=633nm
l=800nm
l=1000nm
0.00E+00
5.00E-04
1.00E-03
1.50E-03
2.00E-03
2.50E-03
3.00E-03
-90 -70 -50 -30 -10
Theta (deg)
AR
S 
(a.
u
)*s
in
(Th
et
a) l=400nm
l=450nm
l=500nm
l=544nm
l=633nm
l=800nm
l=1000nm
ZnO B2 
ZnO D2 
ZnO F2 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
ırms = 16 nm 
     T = 69 nm 
ırms = 66 nm 
     T = 178 nm 
ırms = 155 nm 
     T = 371 nm 
ZnO/air interface 
wavelength 
wavelength 
wavelength 
ZnO B2 
ZnO D2 
ZnO F2 
Chapter 6: Scattering of the light transmitted through a rough nano-textured front contact ZnO layer  
 
97 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.11: (a)±(c$56șDQGG±I$56șÂ_VLQș_SURILOHVSUHGLFWHGE\WKHVFDODUVFDWWHULQJWKHRU\IRU7 values of 
WKH ZDYHOHQJWK Ȝ       DQG  QP RI WKH OLJKW WUDQVPLWWHG WKURXJK WKH =Q2a-Si:H 
internal interfaces formed by the ZnO layers of type B2, D2 and F2 listed in Table 6.2. The rms values of their 
surface roughness ırms and the correlation lengths T, deduced from AFM measurements are indicated in (a)±(c). 
For each sample the arrows in (d)±(f) indicate how the most probable scattering angle shifts when ȜLs increasing. 
 
For Ȝ fixed to 633 nm and the seven ZnO layers of Set#2 samples, the total intensity 
profiles $56șÂ|sin ș| calculated for light transmitted trough ZnO/air and ZnO/a-Si:H 
interfaces are plotted in Fig. 6.12, after normalization to their maximum value. This 
normalization allows differences in haze to be discarded, which are huge for the range of 
ırms values of Set#2 samples, and only differences in the angular distributions to be 
considered. We observe that: 
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(1) The comparison of Fig. 6.12(a) with Fig. 6.12(b) again shows that in the case of the 
internal ZnO/a-Si:H interface, the angular distributions are dramatically shifted 
towards small angles compared to the case of in-air scattering.  
(2) 7KH SRVLWLRQ RI șM is going back and forth when the feature sizes of the layers, 
FKDUDFWHUL]HGE\WKHURXJKQHVVırms and the correlation length T, increase. Once again, 
due to the ripples in the scattering profiles, this behavior is more difficult to analyze in 
the case of the ZnO/air interface. However, for the case of the ZnO/a-Si:H interface in 
Fig. 6.12(b), the calcXODWLRQFOHDUO\ LQGLFDWHV WKDWZKHQșM is minimal, the intensity 
VFDWWHUHG XQGHU ODUJH DQJOHV șa LV DOVR PLQLPDO ZKLOH WKH LQWHQVLW\ VFDWWHUHG
XQGHU VPDOO QHDUO\ VSHFXODU DQJOHV șa LV PD[LPDO ,Q WKH ZKROH 6HW RI
samples, IRUȜ QPWKHQarrower total intensity profile $56șÂ|sin ș| would be 
the one produced by the Type-F2 ZnO layer (ırms = 155 nm and T = 371 nm) for the 
case of in-air scattering. However, for our case of interest, i.e. for the internal 
ZnO/a-Si:H interface, Fig. 6.12(b) indicates that the narrowest scattering profiles is 
produced for Type-D2 ZnO layer (ırms = 66 nm and T = 178 nm). This shows that 
what would be deduced from in-air ARS measurements is not obviously correct when 
considering scattering in silicon. 
 
Those results for Set#2 samples can be understood considering the grating equation 
VLQșq  TÂȜȁUHFDOOLQJWKDW7LV WKHDQDORJIRUDUDQGRPVXUIDFHRI WKHSHULRGȁRI
SHULRGLF VWUXFWXUHV DQG WKDW IRU 7ȜQ2, the higher orders of diffraction become 
evanescent. Therefore, IRU 7ȜQ2 ZKHQ Ȝ LQFUHDVHV WKH LQFUHDVH RI șq produces a 
widening of the specular peak (see Figs. 6.10(a-FDQGDQ LQFUHDVHRIșM, accompanied  
by a loss of transmitted energy into evanescent modes which, in turn, produces the 
decrease of Tdif (the area under the total intensity profiles) observed in Figs. 6.10(d-f) and 
6.11(d-H+RZHYHUIRU7!ȜQ2WKHLQFUHDVHRIșq does not produce losses into evanescent 
PRGHVZKHQȜ LQFUHDVHVDVVHHQ LQ)LJV10(f) and 6.11(e-f), but mainly a transfer of 
intensity from the specular peak to small angles of diffraction and therefore, the shift of 
șM towards smaller angles observed in Figs. 6.10(f) and 6.11(e-f). 
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Fig. 6.121RUPDOL]HGWRWDOLQWHQVLW\SURILOHV$56șÂ_VLQș_SUHGLFWHGE\WKHVFDODUVFDWWHULQJWKHRU\IRUWKHVHYHQ
ZnO layers of Set#2 of samples described in Table 6.2, when light with a wavelength of 633 nm is transmitted 
through the layers. In (a) a ZnO/air interface and in (b) the internal ZnO/a-Si:H interface of a solar cell is 
considered. 
 
The important conclusion that the angular distribution of light scattered at the internal 
ZnO/a-Si:H interface is narrower than for the experimentally accessible case of in-air 
scattering must be emphasized. This is because the RPS model actually overestimates the 
scattering angles in the case of the ZnO/a-Si:H interface, as deduced in Fig. 6.5. Therefore 
the actual angular distribution in a-Si:H may be even more dramatically shifted towards 
small scattering angles. Recalling that full randomization of the light by Lambertian 
scattering is a prerequisite to reach the Yablonovitch's 4n2 absorption enhancement limit, 
such a shift of the angular distribution is undesired. 
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Results and discussion for Set#3 samples 
The AFM pictures of the topography, and the corresponding height and local angle 
histograms of the ZnO layers of Set#3 described in Table 6.3 are presented in Fig. 6.13. 
Once again we observe that the height distributions associated with the random surfaces 
are not Gaussian but present a positive skewness (asymmetric tail extending towards more 
positive values). For these 4 samples, the curves of haze measured in transmission (HTȜ
are shown in Fig. 6.14(a) and the result of ARS measurements are shown in Fig. 6.14(b). 
7KHVH H[SHULPHQWDO$56 UHVXOWV SHUIRUPHGZLWKȜ QP DUH FRPSDUHG WR WKH WRWDO
intensity profiles predicted by the scalar scattering theory for a ZnO/air interface and  
Ȝ QPLQ)LJ14(c); and for an internal ZnO/a-6L+LQWHUIDFHDQGȜ QPLQ
Fig. 6.14(d). Again, there is good agreement between the experimental and the predicted 
angular distributions, although the RPS models, as discussed above, introduce some 
ripples in the calculation and underestimate the in-air scattering capability of the ZnO 
layers for large angles of diffraction. Also, compared to in-air scattering, the angular 
distribution in a-Si:H is dramatically shifted towards small scattering angles. 
Concerning the deposition of the second ZnO layer on a SiOx film, for the Type-B3 
sample, comparisons in Figs. 6.13 and 6.14 indicate that: 
(1) A double-texture is clearly visible in the AFM picture of Fig. 6.13(b), whereas 
without SiOx (Type-C3 sample, Fig. 6.13(c)) no double-texture appears. 
(2) ırms increases from 100 nm for the Type-A3 sample in Fig. 6.13(a) to only 102 
nm for the Type-B3 sample (with SiOx) in Fig. 6.13(a) and to 152 nm for the 
Type-C3 sample (without SiOx) in Fig. 6.13(c). Therefore, when the SiOx layer 
is present, the deposition of the second ZnO layer almost does not increase the 
value of ırms.  
(3) When the SiOx layer is present, the deposition of the second ZnO layer almost 
does not induce any increase of HTȜ LQ)LJ4(a) for the Type-B3 sample, 
compared to the single ZnO layer (Type-A3 sample). Whereas, without SiOx, HT 
DWȜ QPLQFUHDVHVIURPDERXWIRUWKHVLQJOH=Q2OD\HUWRDERXW
for the Type-C3 sample.  
(4) In the histograms of local angle, we observe that the amount of local area with a 
large (~55°) local angle follows an increasing trend when considering the Type-
B3, -A3, -D3 and -C3 samples, respectively.  
(5) Although HT produced by Type-A3 and Type-B3 samples are comparable, the 
shape of the total intensity profiles ARS(șÂ_VLQ ș| in Figs. 6.14(b-d) indicates 
that, if the second ZnO layer is deposited on a SiOx layer (Type-B3 sample in 
Figs. 6.14(b-d)), Tdif is almost unchanged but the angular distribution is shifted 
towards small scattering angles, compared to the single ZnO layer (Type-A3 
sample). Whereas, if the second ZnO layer is deposited without the thin 
intermediate SiOx layer (Type-C3 sample in Figs. 6.14(b-d)), Tdif increases and 
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the angular distribution shifts towards larger scattering angles, compared to the 
single ZnO layer.  
 
 
 
 
 
 
Fig. 6.13: (a)±(d) AFM pictures of the topography for the LPCVD ZnO layers of Type-A3 to D3 described in Table 
6.3. Next to each AFM picture, are shown the histograms corresponding to the distribution of heights and to the 
distribution of local angles of the surface with respect to the plane of the layer. For each layer, the value of the most 
frequent local angle Į1,m is indicated. The horizontal lines allow for a comparison of the amount of local area with a 
large (~55°) local angle.  
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Fig. 6.14: (a) Haze in transmission HTȜPHDVXUHGLQ-air for the LPCVD ZnO layers of Type-A3 to -D3 described in 
7DEOH  E 7RWDO LQWHQVLW\ SURILOHV $56șÂ_VLQ ș_ LQWHJUDWHG RYHU WKH D]LPXWKDO DQJOH ĳ PHDVXUHG LQ-air  
ZLWKȜ QPProfiles predicted by the scalar scattering theory (c) in-DLUIRUȜ QPDQGGLQD-Si:H for 
 Ȝ QP, from the AFM data presented in Fig. 6.13. 
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We know from the relation (6.9) that the haze is controlled by ırms. Therefore, the 
REVHUYDWLRQ  RI D YHU\ VPDOO LQFUHDVH RI ırms explains the observation (3) of a very 
small increase of HTȜ)LJ14(b) and the observation (4) concerning the local slope of 
the different ZnO surfaces give a coarse, empirical, relationship between surface 
morphology and angular distribution of the light scattered in air: the larger the proportion 
of the ZnO surface with slope>50°, the larger the scattering angles. This gives a possible 
explanation of why the scattering angles are shifted towards small angles for the Type-B3 
samples: the deposition of the second ZnO layer on the thin SiOx layers produce a 
noticeable decrease in WKH DPRXQW RI ORFDO DQJOHV ZLWK Į! $ FRPSOHPHQWDU\
explanation can be deduced from Fig. 6.15, where the RPS functions ts(x,y) given by the 
relation (6.21) in the case of a ZnO/a-6L+LQWHUIDFHDQGZLWKȜ QPDUHSORWWHG in bi-
dimensional maps, for the four ZnO samples. The phase produced by the RPS function 
ts(x,y) for the Type-B3 sample is almost constant over large connected areas (green and 
pink areas in Fig. 6.15(b)). Therefore, these areas of almost constant phase will not 
contribute to enhance the spectral components of ts(x,y) with high spatial frequencies (i.e. 
they will not contribute to F{ts} for large values of the direction cosines (Į, ȕ) in the 
relation (6.16)). This leads to a narrow angular spectrum of the diffracted waves. We 
conclude that large local slope is not a sufficient condition to obtain a broad angular 
spectrum. Actually, the size of the projected area of a facet on the x-y plane must be large 
enough to allow ts(x,y) WRFKDQJHRIDW OHDVWʌUDGLDQs over this facet. Therefore, large 
slopes and sufficient facets area must both be provided by the nano-textured surface to 
achieve large scattering angles.  
 
         
 
          
 
Fig. 6.15: (a)±(d) Random phase screens (RPS) for the LPCVD ZnO layers of Type-A3 to D3 described in Table 6.3 
and for scattering in a-Si:H (n2  DQGȜ QP 
(a) (b) 
(c) (d) 
+S  
-S  
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The experimental external quantum efficiency (EQE) of state-of-the-art micromorph 
solar cells (all incorporating an intermediate reflector, as detailed in chapter 7) deposited 
onto the four ZnO layers of Set#3 samples are plotted in Fig. 6.16. The consequence of 
the poor angular distribution provided by the Type-B3 ZnO layer with the double-texture 
is observed in Fig. 6.16 IRUȜ!QP,QGHHGWKH(4(FXUYHIRUWKHERWWRPFRPSRQHQW
cell of the micromorph (EQEbot) clearly drops when the front TCO is the ZnO layer with 
the double-texture (EQEbot(900nm) = 0.40). Interestingly, with all the three other front 
TCO layers, EQEbot IRU Ȝ ! QP LV LGHQWLFDOO\ KLJKHU (4(bot(900nm) = 0.45), this 
despite of the fact that the smaller HT measured in air is obtained with one of them (the 
Type-A3 ZnO layer, see Fig. 6.14(a)). We suggest this is because the angular distribution 
actually dominates the light scattering in the device (see also chapter 7, section 7.5), as HT 
in Si is always larger than HT in air, according to the relation (6.9), and as seen on the 
scales of $56șÂ|sin ș| of the plots for the ZnO/Si interface, larger than for the ZnO/air 
interface (e.g. Fig. 6.14(d) vs Fig. 6.14(c)).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.16: External quantum efficiency (EQE) curves of micromorph solar cells deposited onto the LPCVD ZnO 
layers of Type-A3 to D3 described in Table 6.3. The thick curves at the left- (right-) hand side are the EQE curves of 
the top (bottom) component cells of the tandems: EQEtop and EQEbot. The thin curves correspond to the sum of the 
corresponding EQEtop and EQEbot curves. 
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For the EQE curve of the top component cells (EQEtop), we observe in Fig. 6.16 that 
EQEtop IRUQPȜQP LVKLJKHUZKHQ WKH FHOOV DUHGHSRVLWHGRQ WKHGRXEOH=Q2
layers (Type-B3 and Type-C3 samples) than when they are deposited on the single ZnO 
layers (Type-A3 and Tye-D3). Because no common characteristic appears in Fig. 6.14 
between the Type-B3 and Type-C3 samples, this experimental observation is difficult to 
explain on the basis of our haze and ARS measurements and calculations. We believe that 
the pertinent common characteristic between these two samples is that the plasma 
treatment of the ZnO surface after the deposition layer is only 2 minutes, whereas it is 20 
minutes for the Type-A3 and Type-D3 samples. We suggest that sharp structures 
beneficial to the light trapping in the 550±700 nm wavelengths range of interest for the 
top cell are not smoothed in the case of a short surface treatment. However, we are not 
able to exhibit these features, neither in the AFM data of Fig. 6.13, neither in the RPS 
model or ARS data presented in Figs. 6.14 and 6.15. Therefore, this point merits further 
investigations. As the top cell thickness is typically 300 nm, a near-field approach would 
be better adapted to this task. 
In chapter 8, we will also consider the effect of absorption in the TCO, which leads to a 
reduction of the EQE, and we will correct the EQE to estimate the effective light path 
enhancement provided by our different light trapping structures. We will find that in the 
best cases a factor 23 is found, still a factor ~2.5 below the ideal <DEORQRYLWFK¶V OLPLW 
of 4·nSi2 (with nSi~3.8). 
6.4 Conclusions 
In this chapter, we have shown that the angular distribution of the diffuse light 
transmitted through different rough nano-textured LPCVD ZnO layers can be predicted 
by the scalar scattering theory as modified by Harvey et al., using random phase screen 
functions. Our calculations suggest that the angular distribution of light scattered at the 
internal ZnO/a-Si:H interface is narrower than for the experimentally accessible case of 
in-air scattering. As an introduction to this chapter, we have recalled the importance of 
Lambertian scattering to maximize light WUDSSLQJDFFRUGLQJWR<DEORQRYLWFK¶VWKHRUHWLFDO
derivation. In agreement with this, we have experimentally demonstrated that ARS is the 
pertinent light scattering measurement, and not haze, when we want to assess the potential 
of a given surface morphology to produce an efficient light trapping for long wavelengths 
in the bottom cell of micromorph devices. These results show that our calculation method, 
although it is based on an approximated random phase screen function, can be a valuable 
tool to predict the light trapping capability in silicon of an arbitrary surface morphology 
for the long wavelength range (700-1100 nm). In particular we find that for ZnO layers 
with a narrow angular distribution, the EQE of the bottom component cell of a 
micromorph is lower in the NIR part of the spectrum  than for micromorph devices  
deposited on a ZnO layer with a broad ARS. Therefore, with a new type of TCO layer, 
ARS measurement is the most valuable tool to assess its long-wavelength light trapping 
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capability in the device. Whereas our calculation method may provides a quick and 
HIILFLHQWPHWKRGWRGHVLJQ³LGHDO´VXUIDFHPRUSKRORJLHV 
However, this approach, which does not deal with reflection and near-field effects, 
does not explain details of light trapping in the top cell of micromorph devices with an 
intermediate reflector. 
The next chapter (chapter 7) is devoted to the study of the intermediate reflector in 
micromorph solar cells, where the relationship between the surface morphology of the 
front contact and the effects of the intermediate reflector are discussed. Anti-reflection 
effects and absorption losses produced by the front contact will finally be discussed in 
chapter 8.  
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7 Intermediate reflector for high stable efficiency devices 
 
In this chapter we discuss the electrical and optical effects of the insertion of an 
intermediate reflector layer (IRL) in-between the component cells of the micromorph 
solar cell device.  
After a motivation for the concept of IRL, given in section 7.1, we discuss the effects 
of current matching in section 7.2. Thickness series of IRL made of zinc oxide are 
presented in section 7.3. In section 7.4, we compare zinc oxide versus silicon oxide based 
materials when they are deposited as IRL. The interplay between the front contact surface 
morphology and the IRL is discussed in section 7.5 where we also present our best 
devices. Before concluding, we give, in section 7.6, an experimental proof of concept for 
the need of IRL to achieve high stable efficiencies. 
 
7.1 Introduction 
7.1.1 Motivation and related problems 
As a consequence of the electrical series connection of the individual a-Si:H top and 
ȝF-Si:H bottom cells of the micromorph device, the short-circuit current density (Jsc) of 
the whole tandem is limited by the absorber with the lower current generation capability. 
To mitigate the well known Staebler-Wronski light-induced degradation effect [Staebler 
1977], the thickness of the a-Si:H top absorber should not exceed 300 nm, typically [Platz 
1998]. This constraint considerably limits the Jsc on the top cell and, hence, the efficiency 
of the whole device. Triple-junction devices, such as a-Si:H/a-6L*H+ȝF-Si:H or a-
6L+ȝF-6L+ȝF-Si:H structures [Yan 2006] lift this constraint, allowing smaller currents in 
each sub-cell for comparable efficiencies. However, these more complex structures 
UHTXLUH HLWKHU VFDUFH*H RU LQFUHDVHG GHSRVLWLRQ WLPHV IRU ȝF-Si:H absorbers. Thus, to 
retain the simplicity of the micromorph approach, an intermediate reflecting layer (IRL) 
between the individual cells must be introduced to increase the current in the a-Si:H 
absorber [Fisher 1996, Yamamoto 2000, Yamamoto 2004, Lambertz 2007, Buehlmann 2007].  
The concept of IRL was introduced by IMT in 1996 [Fisher 1996] and allowed the 
demonstration by Meier et al. of high stability (over 1300h of light-soaking) for a bottom-
limited micromorph tandems with a thin (<0.2 Pm) a-Si:H top cell [Meier 2003]. It was also 
applied by Yamamoto et al. who demonstrated an initial module efficiency of 13.5% 
[Yamamoto 2005].  
Another benefit of the IRL concept is to allow the current balance to be tuned between 
given individual cells of the tandem [Dominé 2006]. It is well known that the Jsc but also the 
fill-factor (FF) of a tandem solar cell depend on the current matching between its two 
component cells [Platz 1997a, Nakijama 2004, Repmann 2003]. Whether a micromorph tandem cell 
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should be bottom-limited or top-limited is still being debated. On one hand, Platz et al. 
calculated, on the basis of a simple optical and electrical model, that slightly bottom-
limited conditions after degradation are needed to maximize the stabilized efficiency of 
the micromorph tandem [Platz 1997b]. In [Platz1997b] this is attributed to the fact that only the 
top a-Si:H cell is subject to degradation and that it provides 2/3 of the output power 
thanks to its higher open-circuit voltage (Voc,QGHHGLIWKHERWWRPȝF-Si:H cell is stable, 
we can expect no degradation of the Jsc value for a micromorph tandem under a slightly 
bottom-limited condition after light-soaking. This stability of Jsc was experimentally 
demonstrated with Kaneka's HYBRID modules by Nakajima et al. [Nakajima 2004]. On the 
other hand, these authors point out in [Nakajima 2004] that the outdoor behavior of top-
limited Kaneka's HYBRID modules exhibits higher performances ± in terms of power 
output normalized by the power measured under standard test conditions (STC) ± than 
bottom-limited ones, but they do not comment on absolute values of the energy yield.  
7.1.2 Layout of the chapter 
In section 7.2, we calculate theoretical current density-voltage (J-V) curves of 
micromorph cells under initial and light-soaked conditions. We show that the relationship 
between the fill-factor (FF) and the current matching explains why the conversion 
efficiency (Ș) under STC of this tandem device is maximized if it is slightly bottom-
limited.  
In section 7.3 the gain in Jsc,top ǻ-sc,top) and the loss in Jsc,bot ǻ-sc,bot) produced by the 
insertion of a zinc oxide (ZnO) intermediate reflector (ZIR) are studied experimentally 
and by optical simulation. With the help of an optical model, we discuss the saturation of 
WKHJDLQǻJsc,top DQGORVVǻ-sc,bot experimentally observed when the thickness of the ZIR is 
increased. In this section we also open the discussion to the influence of the surface 
morphology of the front transparent conductive oxide (TCO) layer on the effectiveness of 
the IRL.  
 In section 7.4 we compare the insertion of a silicon oxide based IRL (SOIR) and a ZIR 
in micromorph solar cells deposited on two substrates with different surface roughness 
and lateral feature size. We also show experimentally that the lateral conductivity of the 
IRL plays a major role in the Voc of the tandem. 
Section 7.5 is a study of the interplay between the front TCO layer and the IRL and its 
impact on fill factor and current matching conditions. We highlight the key role of the 
angular dLVWULEXWLRQRI WKH OLJKWVFDWWHUHGE\ WKHIURQW7&2OD\HUIRU WKHJDLQǻ-sc,top. In 
this section we exhibit the best efficiencies achieved so far, by depositing thick 
micromorph cells on glasses coated with a broadband anti-reflection coating. 
Finally, in section 7.6 we provide experimental proof of concept of the need of an IRL 
for micromorph solar cells with high and stable value of Jsc, before drawing general 
conclusions about IRL in section 7.7. 
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7.2 Effect of the current matching in micromorph tandem cells 
7.2.1 Modeling 
We calculate the J-V curve of the micromorph cells using an equivalent network model 
comparable to the network presented in [Repmann 2003]. In our model, the J-V 
characteristics of the top and bottom cells under illumination, J(Vtop) and J(Vbot), 
respectively, are described by the following equations: 
 
,     (7.1) 
 
, (7.2) 
 
(7.3a)  and            ,   (7.3b) 
where J01,top and J01,bot, J02,bot are the reverse saturation currents and n1,top and n1,bot, n2,bot 
the ideality factors of the one diode model of the a-Si:H top cell and of the two diode 
PRGHORIWKHȝF-Si:H bottom cell, respectively. In (7.1) and (7.2), Rp,top (Rp,bot) and Rs,top 
(Rs,bot) are the shunt and series resistances and Jph,top (Jph,bot) is the photogenerated current 
density of the top (bottom) cell, q is the elementary charge of the electron, kB the 
Boltzmann's constant and T the absolute temperature. The photo-generated current-
recombination terms Jph,topÂ Ȥtop(Vtop') and Jph,topÂ Ȥtop(Vtop') in (7.1) and (7.2) can be written 
in terms of the Hubin's collection function [Hubin 1995, Hof 1999]: 
 
 .     (7.4) 
 
In the relation (7.4), L is the thickness of the intrinsic layer and ls is an effective drift 
length expressed by:  
,     (7.5) 
 
where (ȝĲ)eff is the effective mobility-lifetime product, ĳ(V') the electric field deformation 
factor, considered here as constant [Hof 1999], and Vbi the built-in potential. Note that  
(Vbi ± 9ĳ/ LV WKH DYHUDJHG HOHFWULF-field in the intrinsic layer normalized by the 
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deformation IDFWRUĳ7KLV IRUP IDFWRUĳHTXDOVXQLW\ LI WKH ILHOG LV constant across the 
LQWULQVLFOD\HUZKLOHĳ!LIWKHILHOGLVGHIRUPHG e.g. by a shift of the Fermi level in the 
intrinsic layer due to contamination [Shah 2006]. Note also that if L/ls << 1, the Hubin's 
collection function can be expressed by the Merten's collection function [Merten 1998, Hof 
1999]: 
slL /1 F .      (7.6) 
With this first order approximation of the collection function (7.4), we can draw the 
equivalent network model for the micromorph tandem presented in Fig. 7.1. We calculate 
the J-V curve of the corresponding micromorph cell by simply summing, for each value 
of J, the corresponding voltages of the individual cells of the tandem: 
 
   .        (7.7)  
In our calculations, for simplicity, the total photocurrent density Jph,sum = Jph,top+Jph,bot is 
fixed at a constant value. The individual photocurrent densities for the top and the bottom 
cells are calculated according to: 
 
                   and                                 (7.8) 
 ,                  (7.9) 
where Gb/Gt is defined as the ratio of the irradiance that would be measured by top and 
bottom reference cells with spectral responses such as Gb/Gt = 1 under AM1.5 spectral 
irradiance [Nakajima 2004]. Therefore, the actual spectral irradiance is "blue-rich" when 
Gb/Gt < 1 and "red rich" if Gb/Gt > 1. The factor D in (7.8) and (7.9) gives the intentional 
(designed) current mismatch of the tandem (0 < D < 1). Therefore, with this definition, a 
micromorph cell designed with D = 0.5 will be current-matched under AM1.5 spectral 
irradiance.  
The values of the model parameters used for the calculation of the J-V curves of an 
idealized micromorph cell in the initial and in the light-soaked states are listed  
in Table 7.1. These values are chosen to reproduce, for a given value of Jph,sum, realistic 
initial efficiencies achievable with intrinsic a-6L+DQGȝF-Si:H characteristics in the same 
order of magnitude than values measured at IMT for layers deposited on glass (see [Beck 
1997]), and to demonstrate the effect of a significant degradation of the top cell. 
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Fig. 7.1: Equivalent network model for a micromorph cell using a two-GLRGHPRGHOIRUWKHERWWRPȝF-Si:H cell and 
Merten's collection function in the generated-recombination terms for the top a-6L+DQGWKHERWWRPȝF-Si:H cells 
[Merten 1998]. 
 
Table 7.1: Values for the parameters, introduced in the relations (7.1) to (7.7), of the model for the micromorph 
tandem.  
Model 
parameter Value used in the calculation Unit  
T 300 (K)  
Ltop Â-5 (cm)  
Vbi,top 1.1 (V)  
ĳtop 3 (-)  
ȝĲeff,top Â-8 LQLWLDOÂ-8 (degraded) (cm2/V)  
J01,top Â-9 LQLWLDOÂ-8 (degraded) (mA/cm2)  
n1,top 1.55 (initial) / 1.80 (degraded) (-)  
Rp,top Â102 NȍÂFP2)  
Rs,top Â-4 NȍÂFP2)  
Lbot  1.5Â10-4 (cm)  
Vbi,bot 1.0 (V)  
ĳbot 1 (-)  
ȝĲeff,bot Â-7 (cm2/V)  
J01,bot Â-5 (mA/cm2)  
n1,bot 1.48 (-)  
J02,bot 2Â10-4 (mA/cm2)  
n2,bot 2 (-)  
Rp,bot 4Â103 NȍÂFP2)  
Rs,bot 3Â10-4 NȍÂFP2)  
  
J01=10-7mA/cm2
n1=1.85
bottop VVV  
Rshunt,top
Rserie,top
Jph.top D1,top Jrec,top
Rserie,bot
Jph,bot D1,bot Jrec,bot Rshunt,botD2,bot
J02=10-5mA/cm2
n2=2
bottom Pc-Si:H cell
top a-Si:H cell
J01=1.25Â10-5
n1=1.48
topV
J
botV
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7.2.2 Results of calculations 
J-V curves, under AM1.5 illumination spectrum, of the micromorph and its individual 
cells in the initial and degraded state modeled with the values listed in Table 7.1 are 
plotted in Fig. 7.2. The corresponding J-V parameters are listed in Table 7.2. In these 
calculations Jph,sum is fixed to 26 mA/cm2 and D = 0.5, i.e. the tandem is designed to be 
matched in the initial state (negligible recombination). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 7.2: J-V parameters of the calculated curves plotted in Fig. 7.2. 
 
 
The J-V parameters of the micromorph cell will change if the spectral irradiance 
changes. For the micromorph cell with D = 0.50 and for a second micromorph with D 
tuned in order to obtain a matched tandem in the degraded state (D = 0.49), the behavior 
of the J-V parameters with respect to variations of the spectrum of the illumination 
(0.9 < Gb/Gt < 1.1) are plotted in Fig 7.3. As expected, this figure indicates that Voc is 
almost insensitive to the current mismatch and that, when the tandems are in the current-
matched condition, Jsc is maximized whereas FF is minimized. A more striking 
J-V 
 parameter top cell bottom cell micromorph cell Unit 
initial state:     
Jsc 12.39 12.53 12.45 (mA/cm2) 
Voc 0.885 0.509 1.395 (V) 
FF 73.9 70.7 72.6 (-) 
Ș 8.10 4.51 12.60 (%) 
degraded state:     
Jsc 11.83 12.53 12.08 (mA/cm2) 
Voc 0.860 0.509 1.369 (V) 
FF 68.0 70.7 68.0 (-) 
Ș 6.92 4.51 11.25 (%) 
     
Fig. 7.2: Calculated J-V curves of the individual cells and of the corresponding micromorph cell in (a) initial 
and (b) degraded state, for the model parameters listed in Table 7.1. 
(a) (b) 
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observation is that in Fig. 7.3(c), the increase in FF is steeper when Gb/Gt changes 
towards "blue-rich" than when it changes towards "red-rich" spectral irradiance. 
Moreover, our calculation shows that this asymmetry in the increase of FF with current-
mismatch is more pronounced for the micromorph cell in the degraded state (see Fig. 
7.3(c)). Together with the symmetrical behavior of Jsc, the strong asymmetry for FF shifts 
the maximum of Ș towards "blue-rich" spectral irradiance (see the position of maxima in 
Fig. 7.3(d)).  
The J-V parameters of the micromorph cell will change if the spectral irradiance 
changes. For the micromorph cell with D = 0.50 and for a second micromorph with D 
tuned in order to obtain a matched tandem in the degraded state (D = 0.49), the behavior 
of the J-V parameters with respect to variations of the spectrum of the illumination  
(0.9 < Gb/Gt < 1.1) are plotted in Fig 7.3. As expected, this figure indicates that Voc is 
almost insensitive to the current mismatch and that, when the tandems are in the current-
matched condition, Jsc is maximized whereas FF is minimized. A more striking 
observation is that in Fig. 7.3(c), the increase in FF is steeper when Gb/Gt changes 
towards "blue-rich" than when it changes towards "red-rich" spectral irradiance. 
Moreover, our calculation shows that this asymmetry in the increase of FF with current-
mismatch is more pronounced for the micromorph cell in the degraded state (see Fig. 
7.3(c)). Together with the symmetrical behavior of Jsc, the strong asymmetry for FF shifts 
WKHPD[LPXPRIȘWRZDUGVEOXH-rich" spectral irradiance (see the position of maxima in 
Fig. 7.3(d)).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 7.3: Variation of (a) Jsc, (b) Voc, F))DQG GȘZLWK UHVSHFW to the modification of the spectral mismatch 
Gb/Gt, for a micromorph cell matched under AM1.5 in the initia state (D = 0.50, green) and a second micromorph 
cell matched under AM1.5 but in the degraded state (D =0.49, orange). The plain (empty) symbols correspond to 
the initial (degraded) state. 
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7.2.3 Discussion 
Fig. 7.2(b) shows that, for the micromorph cell, the slope of the J-V curve at the point 
of short-circuit Rsc-1  -9|V=0V is controlled by Rsc-1 of the limiting sub-cell. This can 
be better understood with the help of Fig. 7.4 where we show graphically that, as expected 
from (7.7), the voltage Vmimo(J) between the terminals of the micromorph is equal to the 
sum of Vtop and Vbot. It follows that close to the point of Jsc indicated in Fig. 7.4(a), the 
rate of change of Vmimo(J) depends mainly on Rsc-1 of the component cell that is limiting 
(the top cell in Fig. 7.4).  
The control of Rsc-1 of the current-limiting sub-cell on Rsc-1 of the micromorph cell 
explains the asymmetrical behavior of FF in Fig. 7.3: in "red-rich" illumination 
conditions, Rsc-1 of the micromorph cell is controlled by the limiting a-Si:H top cell with a 
poorer Rsc-1 WKDQWKHȝF6L+ERWWRPFHOO7KHUHIRUH))RIWKHPLFURPRUSKXQGHU a top-
limited condition is always smaller than for the same degree of mismatch but towards 
bottom-limitation. This control on Rsc-1 by the top a-S:H cell also explains the higher 
asymmetry observed in Fig. 7.3(c) for the cell in the light-soaked state. This is because 
light-induced defects decrease (ȝĲ)eff,top in (7.5). Therefore, Rsc-1 of the top cell increases 
due to a subsequent decrease of the collection function (7.6).  
For a micromorph cell that is matched under AM1.5 in the degraded state, the 
consequHQFH RI WKH DV\PPHWULF EHKDYLRU RI )) LV WKDW Ș LV PD[LPL]HG LI WKH VSHFWUDO
irradiance is not AM1.5-like but slightly shifted towards a "blue-rich" spectrum (see Fig. 
G,GHQWLFDOO\IRUDPLFURPRUSKFHOOHYDOXDWHGXQGHU$0ȘZLOOEHPD[LPL]HGLf 
the tandem is designed such that, in the degraded states, it is slightly bottom-limited.  
Fig. 7.4: Construction of the J-V curve of a micromorph cell from the J-V curves of the component top and bottom 
cells of the tandem: Vmimo(J) = Vtop(J)+Vbot(J). Vbot and -Vtop are reported in (a) where Vmimo(J) graphically 
corresponds to the horizontal distance between Vbot and -Vtop. The resulting J-V curve of the micromorph tandem 
is reported in (b). The point of Jsc is easily identified in (a) as the crossing point of Vbot(J) and -Vtop(J). The 
reciprocal  slopes R(V) of the J-V curves of the  top and bottom cells add to give: Rmimo = Rtop+ Rbot. Therefore, 
because the knee of the J-V curve of the non-limiting cell is close to the point of Jsc, the rate of change of Vmimo(J), 
when J increases from Jsc, depends mainly on the reciprocal slope of the J-V curve of the limiting cell (the top cell 
here): )()( sctopscbot JJRJJR !|!| , thus )()(
11
sctopscmimo JJRJJR !|#!|
 .  
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The asymmetric behavior of FF under variation of the spectral irradiance is actually 
evident in experimental data published in [Nakajima 2004] for Kanecka's Hybrid modules. 
However, this asymmetry is not commented on by these authors. Instead, they focus on 
the fact that under real outdoor conditions, at noon and in summer, the spectral irradiance 
periodically changes towards "blue-rich" conditions at the same time as the temperature 
increases. They observe therefore that the relative performance of a top limited HYBRID 
module exceeds its performance under STC by 10% and conclude that, top limitation is 
more favorable than bottom limitation. We emphasize that they do not exhibit energy 
yields but the output power normalized by the power under STC and that their result 
depends on the geographical location of the experiment. Top limitation (relatively to 
$0ZLOOLQGHHGEHEHQHILFLDOLQWHUPVRIHQHUJ\\LHOGLI³EOXe-ULFK´FRQGLWLRQVVKLIW
the working point at the left of the maximum in Fig. 7.3(d) sufficiently often during the 
year. This may be not the case in northern European countries. Therefore, energy rating 
studies of micromorph modules, such as presented in [Nikolaeva 2007], still have to be 
conducted in different geographical locations to clarify the question of top versus bottom 
limitation for micromorph solar modules.  
7.2.4 Conclusion 
We showed that under STC and for a given value of the total photocurrent density 
Jph,sum, the efficiency of a bottom-limited micromorph cell is higher than for top-limited or 
matched ones. This is due to the control of Rsc-1 of the micromorph by the limiting sub-
cell of the tandem. Indeed, the increase of FF is higher when the current mismatch 
changes towards bottom-limitation than when it changes towards top limitation, because 
Rsc-1 of the top a-Si:H cell in the light-soaked state is always poorer than Rsc-1 RIWKHȝF-
Si:H bottom cell. The consequence is that, for a micromorph cell matched in the degraded 
VWDWH Ș LV PD[LPL]HG LI WKH VSHFWUDO LUUDGLDQFH LV QRW $0-like but slightly shifted 
towards the "blue-rich" spectrum. Identically, for a micromorph cell evaluated under 
$0 ȘZLOO EHPD[LPL]HG LI WKH GHVLJQ RI WKH WDQGHP LV VXFK WKDW LQ WKH GHJUDGHG
states, it is slightly bottom-limited. For the energy yield of a micromorph module under 
real natural conditions, the question of top versus bottom limitation depends on the 
geographical location considered and would deserve dedicated energy rating studies.  
 
7.3 ZIR thickness series: experimental and optical modeling studies 
7.3.1 Experimental 
Fabrication and characterization of the micromorph cells 
The solar cells are deposited on AF45 glass plates covered by as-grown surface-
textured TCO layers. These front TCO layers are ZnO:B films deposited by the low- 
pressure chemical vapor deposition (LPCVD) technique. The precursor gases used for 
deposition of these LPCVD ZnO:B films are diethylzinc (DEZ) and water vapors, and 
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diborane (B2H6) as the doping gas. Details of the process can be found in [Fay 2003] and 
[Steinhauser 2008b]. The surface roughness of the different front TCO layers used in this work 
is varied by changing the film thickness. Their sheet resistance is kept constant at 
DSSUR[LPDWHO\ ȍVT E\ DGDSWLQJ WKH JDV SKDVH GRSLQJ UDWLR IRU HDFK ILOP WKLFNQHVV
[Steinhauser 2005]. The root-mean-VTXDUH UPV YDOXH RI WKHLU VXUIDFH URXJKQHVV ırms) and 
the lateral feature size of their surface morphology are determined by atomic force 
microscopy (AFM) measurements performed in the non-contact mode.  
The ZIR layers deposited here have thickness values ranging from 16 nm to 330 nm 
and are ZnO:Al layers deposited by RF-magnetron-sputtering (13.56 MHz) of a ZnO:Al 
target in an argon plasma. The RF power density and argon pressure were 1.6 W/cm2 and 
Â-3 mbar, respectively. The measured (coplanar) conductivity values for the 35 nm to 
330-nm-thick ZIR layers are comprised between 102 and 103 S/cm. In order to precisely 
evaluate the influence of the ZIR layer, half of the 4 x 4 cm2 freshly deposited a-Si:H 
layers of the top cell was masked by an AF45 glass plate during ZIR deposition. This 
permits the comparison of closely spaced micromorph cells with and without ZIR layer 
and therefore the minimization of the errors due to inhomogeneous a-6L+DQGȝF-Si:H 
films deposition. The co-deposited ZnO films on AF45 glass substrates (i.e. on the masks) 
permitted us to determine the thickness of the ZIR layers with a stylus surface profiler 
Alpha Step 200 from Tencor Instruments. 
The top and bottom p-i-n cells were deposited by very-high frequency plasma 
enhanced chemical vapor deposition (VHF-PECVD). The a-Si:H top cells were deposited 
in a single chamber reactor with a plasma excitation frequency of 70 MHz (system C, see 
sHFWLRQDQGWKHȝF-Si:H bottom cells were deposited at 122 MHz in a dual chamber 
deposition system (system B, see section 2.3). The back contact consists of a LPCVD 
ZnO:B layer covered with a dielectric back reflector. The back reflector is not employed 
for the samples used in the ZIR thickness series. For the ZIR thickness series, the cell area 
(25 mm2) was patterned by laser scribing (532 nm). For the best cells presented at the end 
of section 7.3, it was patterned by lift-off of the back LPCVD ZnO layer and SF6 plasma 
etching of the silicon layers (~20 mm2). In this case, an intermediate wet etching step in 
HNO3 must be completed to pattern the ZIR layer. 
The external quantum efficiencies (EQE) of the top and bottom cells (EQEtop and 
EQEbot) are measured under red and blue bias-light illumination, respectively. Short-
circuit current densities for top and bottom cells (Jsc,top and Jsc,bot) are calculated from the 
EQE curves, by integrating, over the wavelength range, the product of EQE times the 
spectral density of the photon flux of AM1.5g solar spectrum. The current density-voltage  
(J-V) curves are measured using a dual lamp (Xe and Ha) sun simulator (Wacom) in 
standard test conditions (25°C, AM1.5g spectrum, 100 mW/cm2) and normalized with the 
Jsc value deduced from the EQE measurements (see section 2.3).  
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Optical modeling 
Optical effects of ZIR are studied by means of optical modeling and by calculation of 
the optical absorption of the various layers within the device. The computer program used 
is Cell7 and is written by J. Springer. It includes coherent calculation, scalar scattering 
theory (relations 6.8 and 6.9 of chapter 6) and Monte Carlo tracing of scattered photons 
[Springer 2004] as well as experimentally determined wavelength-dependent optical 
constants [Poruba 2000]. Under the assumption of 100% collection efficiency, the optical 
absorption in the top and bottom absorbers permits us to determine the projected increase 
and decrease in Jsc,top and Jsc,bot, respectively, as caused by ZIR insertion (designated as 
ǻJsc,top and ǻJsc,bot, respectively). 
For the textured interfaces, a one-layer effective media approximation (EMA) is used 
[Springer 2004]. For a ZIR layer with a thickness value d < ırms, a three-layer EMA is used: 
the a-Si:H/ZIR/ȝc-Si:H region is subdivided into three zones (1), (2) and (3) of 
thicknesses d, ırms ± d and d, respectively. The volume of zone (1) is occupied by a-Si:H 
and ZnO, the volume of zone (2) is a mix of the 3 materials and the volume of zone (3) is 
occupied by ZnO and ȝc-Si:H. The corresponding effective refractive indexes ñ1, ñ2 and 
ñ3, are calculated as the weighted sum of the refractive indexes of a-Si:H, ZnO, and  
ȝc-Si:H. This is schematically illustrated in Fig. 7.5 The weighting coefficients Įij are 
calculated as the volume fractions of these materials in zones (1), (2), and (3), supposing 
homogenous coverage of the surface by the same pyramidal structures. 
 
Fig. 7.5: Schematic illustration of the modeling of the rough intermediate reflector region, when the intermediate 
UHIOHFWRULVWKLQE\DQHIIHFWLYHPHGLDDSSUR[LPDWLRQ(0$ZLWKVXEOD\HUV7KHZHLJKWLQJFRHIILFLHQWVĮij used in 
the calculation of the effective refractive index ñi is calculated as the volume fraction in zone (i) of a-Si:H (j=1), ZnO 
M DQGȝF-Si:H (j=3), supposing homogenous coverage of the surface by identical pyramids. Light scattering at 
the a-6L+=,5 DQG=,5ȝ6L+ LQWHUIDFHV LVPRGHOHGE\ WKH VFDODU VFDWWHUing theory formulas (relations (6.8) and 
(6.9) in chapter 6, with CR = 1, CT = 0.5 and ȕT  DQGE\ WKH ILW$')ș VLQșÂ-ÂșÂș2-
Âș3Âș4), provided in the software Cell7, of the experimental angular distribution function presented in 
[Springer 2004].  
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7.3.2 Results of the ZIR thickness series 
 
ZIR thickness-effect for a given type of front ZnO 
The ZIR thickness d was varied from 16 nm to 327 nm inside the tandem cells 
deposited on our standard front LPCVD ZnO layer, optimized for a-Si:H cells, with a 
surface roughness ırms of approximately 80 nm and no plasma post-treatment of their 
surface. The experimental difference in Jsc values obtained with and without the ZIR layer 
(designated here as ǻJsc,top and ǻJsc,bot for the top and bottom cells, respectively) are 
compared with simulated results in Fig. 7.6.  
7KHH[SHULPHQWDOJDLQǻ-sc,top increases with a slope of approximately 0.3 mA/cm2 per 
10 nm of ZIR thickness. The maximum gain obtained is 2.8 mA/cm2 for d = 110 nm. For 
KLJKHUGYDOXHVǻ-sc,top remains in the range of 1.8 to 2.8 mA/cm2. The experimental loss 
ǻJsc,bot continuously decreases when d increases. Assuming a linear approximation for this 
trend for d < 100 nm, its slope is approximately -0.4 mA/cm2 per 10 nm of ZIR thickness.  
 
Fig. 7.6: Experimental gain ǻJsc,top (closed squares) and loss ǻJsc,bot (open squares) in the current densities of top 
QPDQGERWWRPȝPFHOOVUHVSHFWLYHO\DVDIXQFWLRQRI=,5WKLFNQHVVG7KHsolid lines correspond to the 
simulated gain įJsc,top (x) and loss įJsc,bot (+) for rough interfaces and the dashed lines correspond to the simulated 
results for the case of the flat interfaces. The two continuous hairlines indicate the slopes (0.3 mA/cm2  
and -0.4 mA/cm2 per 10 nm of ZIR thickness) observed experimentally for small values of d.  
 
Optical modeling 
When d increases, the simulated gain įJsc,top in the top cell increases up to 2.3 mA/cm2, 
followed by a saturation for d > ırms (80 nm). Reversely, the simulated loss įJsc,bot in the 
bottom cell decreases rapidly down to -3.4 mA/cm2 for d = 80 nm and then continues to 
decrease less steeply (continuous lines in Fig. 7.6). 
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One may compare these results with those obtained for flat interfaces (verified 
experimentally in [Pellaton 1998b]), which demonstrate the interferential behavior of a flat 
ZIR but with a gain įJsc,top always smaller than the one obtained for rough interfaces 
(dashed lines in Fig. 7.6). 
Roughness and feature size effect 
With our novel surface treatment for LPCVD ZnO layers [Bailat 2006] it is now possible 
to successfully deposit micromorph tandem cells on rougher front TCO layers, without 
incurring dramatic losses in open-circuit voltage (Voc) and fill-factor (FF) reported in 
[Feitknecht 2005]. In Fig. 7.7 we compare EQE curves of micromorph tandems and a-Si:H 
single junction solar cells deposited on 2 strongly different front LPCVD ZnO layers with 
ırms values of 69 nm and 276 nm and lateral feature sizes of 360 nm and 1.05 ȝm, 
respectively (i.e. correlation lengths of about 180 nm and 500 nm, respectively). The post-
treatment time of the surface of the very rough ZnO layer is 30 minutes. For the 
micromorph cells a 90 nm thick ZIR layer is inserted and a back reflector is used, whereas 
no back reflector is used for the single a-Si:H cell. When the tandem is deposited onto the 
highly-textured front TCO, Jsc,top decreases from 12.4 to 10.7 mA/cm2 (-14%) and the sum 
of the Jsc values of top and bottom cells increases from 22.1 mA/cm2 to 23.2 mA/cm2 
(+5%), as compared to the less textured substrate (Fig. 7.7(a)). Note that Jsc of the single 
a-Si:H cell decreases by 5%, from 13.5 mA/cm2 to 12.8 mA/cm2, when the cell is 
deposited on this TCO (Fig. 7.7(b)) with a ZnO back contact and no back reflector. The 
reduction in Jsc,top corresponds to a decrease in the top cell EQE in the 500-750 nm 
spectral range (Fig. 7.7(a)). Whereas, when the single a-Si:H cell is deposited on the very 
rough TCO, a decrease of EQE is observed in the narrower range comprised between 550 
and 700 nm (see Fig. 7.7(b)). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.7: (a) Comparison of EQE curves of devices deposited on two different front TCO layers, with ırms values of 
69 nm and 276 nm. (a) EQE of a-Si:H top (180 nm) and ȝc-Si:H bottom (1.8 ȝm) cells of micromorph tandems with 
a 90 nm thick ZIR layer and a back reflector. (b) EQE of  a-Si:H single junction cells (180 nm) without back 
reflector. In (a) the sums of the EQE curves of the component cells of the tandems are also plotted. One finds, for the 
micromorph cell: Jsc,top=12.4 mA/cm2, Jsc,bot=9.7 mA/cm2 for the slightly-textured TCO and Jsc,top=10.7 mA/cm2, 
Jsc,bot=12.5 mA/cm2 for the highly-textured TCO, thus Jsc,bot increases by 29% and Jsc,top decreases by 14% when the 
highly TCO is used. For the single a-Si:H cell: Jsc decreases by (5%), from 13.5 mA/cm2 to 12.8 mA/cm2, when the 
cell is deposited on this TCO.  
(a) (b) 
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Jsc = 12.8 mA/cm2
Voc = 1315 mV
FF = 70.2%
Eff = 11.8% (initial)
Cell optimization  
The linear dependence of ǻJsc,top and ǻJsc,bot on ZIR thickness has been experimentally 
REVHUYHGIRU=,5 OD\HUV WKLQQHU WKDQQPDQGIRU IURQW7&2OD\HUVZLWKırms values 
between 60 and 110 nm. It can be used as a design tool to determine the ZIR thickness 
required to obtain slightly bottom-limited micromorph tandem cells. Recall that we 
showed, in section 7.2, that slight bottom-limitation increases the efficiency, due to the 
asymmetric behavior of FF under variation of the current mismatch between the top and 
bottom cells.  
With our standard front LPCVD ZnO layer (ırms = 80 nm) optimized for a-Si:H solar 
cells and with top and bottom cell thicknesses of 180 nm and 1.8 ȝm, respectively,  
we obtained, by the insertion of a 50 nm thick ZIR, a bottom-limited tandem with  
Jsc = 12.1 mA/cm2, Voc = 1315 mV and FF = 73.2%, yielding an initial conversion 
efficiency of 11.6%. The sum of the Jsc values of this tandem is 24.5 mA/cm2. 
With the new front LPCVD ZnO layers developed for ȝc-Si:H solar cells, the decrease 
in Jsc,top has to be taken into account. Therefore, the top and bottom cell thicknesses were 
increased to 290 nm and 3.0 ȝm, respectively, and a short 10 minute surface treatment 
was applied to the front LPCVD ZnO. We obtained, with the 50 nm thick ZIR, a bottom-
limited tandem cell with Jsc = 12.8 mA/cm2 (top cell 13.2 mA/cm2), Voc = 1315 mV and 
FF = 70.2%, yielding an initial conversion efficiency of 11.8%. The EQE and J-V curves 
of the cell are presented in Fig. 7.8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.8: (a) EQE curves of the top (290 nm) and bottom ȝPFells of a micromorph tandem solar cell optimized 
on the new front LPCVD ZnO. (b) I-V curve of the same micromorph cell as in (a). 
7.3.3 Discussion of the results 
 
ZIR thickness-effect for a given type of front ZnO 
For ZIR thicknesses d<100 nm, we observed that the slopes of the linear trends for 
ǻ-sc,top and ǻJsc,bot are 0.3 mA/cm2 and -0.4 mA/cm2, respectively, per 10 nm of ZIR 
thickness. These values are useful for the prediction of the top and bottom current 
 
(a) (b) 
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densities when varying d. A ZIR thickness larger than 100 nm may not be favorable as the 
loss ǻJsc,bot then gets continuously larger. 
 
Optical modeling 
The three-layer EMA model for thin ZIR succeeds in predicting a gradual change in 
įJsc,top and įJsc,bot when d increases up to the ırms value of the interfaces. This is because 
ñ2, the effective refractive indexes of zone (2) of the a-Si:H/ZIR/ȝc-Si:H region, 
continuously decrease when d increases. The discontinuity obtained when the value of d 
reaches the value of ırms is obviously produced by a discontinuity in the model, since ñ2 
reaches its minimum value and stops changing at this point.  
A wavelength-dependent EMA model may be better suited to addressing the situation 
arising with rougher interfaces, with very large ırms and lateral feature size values (see 
next section). 
 
Roughness and feature size effect 
The gain of 5% obtained for the sum of the Jsc values of the tandem with rougher front 
ZnO surfaces (see Fig. 7.7(a)) is the consequence of enhanced light-scattering effects in 
the infrared part of the spectrum (relations (6.8) and (6.9) in chapter 6) but also of a 
decreased free carrier absorption (FCA) of the front TCO in the near infrared (NIR) part 
of the spectrum. This shows the substantial advantage of using the new very rough front 
TCO for ȝc-Si:H and micromorph solar cells. The relative roles of light-scattering and 
FCA reduction will be discussed in chapter 8. The challenge here is to overcome the 
reduction observed for Jsc,top (14%) implied by the very strong increase of surface texture 
(ırms = 276 nm DQGȝPRIODWHUDOIHDWXUHVL]H 
For comparison, single-junction a-Si:H solar cells present a Jsc loss of only 5% when 
deposited on this highly-textured ZnO layer. This 5% loss corresponds to a decrease in 
EQE in the 550-700 nm spectral range, as shown in Fig. 7.7(b). This decrease in EQE 
may be caused by (i) a decrease in the effective intrinsic absorber thickness when 
deposited onto a very rough front TCO and (ii) a decrease of the light trapping capability 
in this 550-700 nm wavelength when the front TCO has very large lateral feature sizes.  
In addition to (i) and (ii), another cause must be involved in the 14% reduction 
observed for Jsc,top of the micromorph cell. As for the tandems deposited on both TCO the 
sums of EQE of the component cells are almost the same in the 500-650 nm range of 
wavelengths (Fig. 7.7(a)), the reduction in Jsc,top could be linked to a decrease in the ZIR 
effectiveness for large values of ırms and lateral feature size. This will be experimentally 
investigated in section 7.5. 
1RWHWKDWWKHGLIIHUHQFHRI(4(QHDUȜ QPREVHUved in Figs. 7.7(a) and (b) is due 
to the Burstein-Moss shift effect in the ZnO layer: the higher the charge-carrier density in 
a degenerated semiconductor, the larger its optical energy gap [Burstein 1954]. 
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Cell optimization  
With the novel front LPCVD ZnO layers developed for ȝc-Si:H solar cells, the sum of 
the top and bottom cell Jsc values is 26 mA/cm2, which corresponds to an improvement of 
6% compared to 24.5 mA/cm2 obtained with the thinner tandem deposited onto the front 
TCO layer optimized for a-Si:H cells. Matched current density of 13 mA/cm2 is then 
directly achievable with the new TCO. The value of 26 mA/cm2 was, at present, achieved 
with a short treatment time (10 minutes) applied to the LPCVD ZnO layer. Further 
increase in treatment time may possibly further improve the Voc and FF values but of 
course will decrease Jsc. This is the topic of section 7.5.  
7.3.4 Conclusions on the ZIR thickness series 
The insertion of a ZIR layer provides a controlled gain in the current density of the top 
cell within a micromorph tandem. For any thickness of the ZIR layer, this gain is always 
larger in the case of nano-textured interfaces than in the case of flat interfaces. The 
maximum gain is almost 3 mA/cm2. For a micromorph tandem with a thin a-Si:H top cell 
(180 nm) and a 1.8 ȝm thick ȝc-Si:H bottom cell, the insertion of the ZIR layer allowed 
us to achieve a Jsc value of 12.1 mA/cm2.  
8VLQJRXU ³QRYHO´ IURQW/3&9'=Q2RSWLPL]HG IRUȝF-Si:H cells, we obtained a Jsc 
value of 12.8 mA/cm2 with a top cell thickness of 290 nm and a bottom cell thickness of 
ȝP. This yielded an initial conversion efficiency of 11.8%, with a total current density 
of 26 mA/cm2. 
 
7.4 SOIR versus ZIR 
7.4.1 Motivation 
Three issues are related to the use of ZnO for the IRL: 
(a) Its large in-plane conductivity (ı//,ZIR) may often be large enough to induce a 
reduction of the Voc and FF of the micromorph cell. Indeed, for the ZIR with 
d<300nm deposited by RF-VSXWWHULQJı//,ZIR = 102 S/cm, typically. According to 
[Okada 2007], the decrease of Voc is related to the presence of shunts in the bottom 
cell. They provide current paths for electrons, which recombine with holes in the 
p layer of the bottom cell. The benefit of decreasing the in-plane conductivity of 
the IRL is schematically illustrated in Fig. 7.9. 
(b) For micromorph module fabrication, the large in-plane conductivity of the ZIR 
involves a shunting of the bottom cell if the standard 3 groove laser patterning is 
used. Therefore, Meier et al. proposed the introduction of a fourth laser groove 
LQRUGHUWRXVHWKHȝF-Si:H material of the bottom cell to electrically insolate the 
ZIR layer from the back electrode [Meier 2002]. This is illustrated in Fig. 7.10. This 
solution, however, decreases the active area of the module.  
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(c) Device fabrication processes including ZIR layer deposition are more 
complicated because the sample must be moved from the PECVD reactor to a 
LPCVD reactor or a RF-sputtering chamber for ZIR deposition and then put 
back in the PECVD reactor.  
To solve these issues, Buehlmann et al. developed, at IMT, a silicon oxide based 
intermediate reflector (SOIR), with low in-plane conductivity [Buehlmann 2007]. Another 
significant advantage of this layer is that it is deposited in situ in the same PECVD reactor 
as the doped layers of the micromorph device (chamber 1 of system B, see chapter 2, 
section 2.1).  
 
 
 
 
 
 
 
 
Fig. 7.9: Schematic explanation of the decrease of Voc in micromorph cells with intermediate reflector (IRL). The 
decrease of Voc follows from the presence of shunts in the bottom cell, which provide current paths for electrons (e-) 
for recombination with holes (e+) in the p-type layer of the bottom cell. The current flow of e- through one shunt is 
higher in (a) than in (b) because the equivalent resistance of the shunt is smaller if the in-plane conductivity of the 
,5/ıIRL) allows for interaction of those e- with a larger surface area of the p-type layer. Therefore, Voc decreases 
OHVVLQEWKDQLQDEHFDXVHWKHVPDOOHUıIRL, the lower the rate of recombination of e+ arrived in the p-layer with e- 
arrived in the IRL from the shunt. Note that the front TCO may have the same detrimental effect as the IRL in case of 
shunts in the top cell. Note also that on the contrary to the case of n-i-p micromorph cells, in the case of p-i-n 
PLFURPRUSKFHOOVWKHGHWULPHQWDOHIIHFWRIDODUJHıIRL could be mitigated if the shunt of the bottom cell are cured by 
means of selective electro-chemical etching, oxidation or reduction of the back electrode, as described e.g. in [Nath 
1988]. Figure adapted from [Okada 2007]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.10: Monolithic series interconnection of micromorph modules with ZIR. (a) Module, with a standard 3 groove 
interconnection, which suffers from the current leakage path between the ZIR layer and the back electrode.  
(b) Solution proposed by Meier et al. [Meier 2002] where 4 grooves are used: the groove (2) insulates the ZIR layer 
from the back electrode.  
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In this section, we present the results of two experiments, carried out in two deposition 
runs. Firstly we compare the insertion of a SOIR layer, deposited in situ by VHF-PECVD, 
versus a ZIR layer deposited by LPCVD, for two substrate morphologies. Secondly, we 
compare the effect of the SOIR layer and of two different ZIR layers, with medium and 
low in-plane conductivity, on the Voc of the micromorph cell.  
7.4.2 Experimental 
The two deposition runs are summarized in Tables 7.3 and 7.4, in which co-depositions 
were carried out on AF45 borosilicate glass plates from Schott. The back contact of the 
solar cells consists of a LPCVD ZnO layer covered with a dielectric back reflector. The 
cell area was patterned by lift-off of the back LPCVD ZnO layer and SF6 plasma etching 
of the silicon and SOIR layers (1.2 cm2). For the cells with ZIR, an intermediate wet 
etching step in HNO3 must be completed to pattern the ZIR layer. Note that in our case 
the IRL is n-type and does not belong to the recombination junction of the tandem. The 
measurement of the EQE and J-V curves is described in sub-section 7.3.2. 
Front TCO layers 
The front TCO layers used for deposition of the micromorph cells with ZIR and SOIR 
are the LPCVD ZnO:B films of Type-A and Type-C described in detail in the sub-section 
7.5.2.  
IRL layers 
The ZIR layers are ZnO films deposited by LPCVD with DEZ and H2O vapors as 
precursor gases and no addition of any doping gas, in order to keep their in-plane 
FRQGXFWLYLW\ ı//,ZIR low (deduced from the thickness of the films and a four-point 
resistance measurement7KHWKLFNQHVVRI=,5OD\HUVUDQJHVIURPQPWRȝP7ZR
deposition temperatures are used in order to compare ZIR layers with different values of 
ı//,ZIR. With the standard deposition temperature (around 170°C), ı//,ZIR = 1 S/cm for a 
300-nm-thick ZIR layer. By adapting the temperature of GHSRVLWLRQ ı//,ZIR is decreased 
down to 10-6 S/cm for this thickness.  
The SOIR layers were deposited by VHF-PECVD, with a plasma excitation frequency 
of 110 MHz, from a mixture of SiH4, CO2 and PH3. The index of refraction of the SOIR is 
tuned by adjusting the CO2/SiH4 gas flows ratio, while at the same time the transverse 
conductivity of the film is maintained to a sufficiently high value for electronic transport 
through its thickness (experimentally deduced from the threshold of working devices), by 
increasing the PH3 content in the gas mixture. This transverse conductivity is most 
probably carried by nano-crystallites of silicon imbedded in an amorphous SiOx tissue 
[Buehlmann 2008]. The corresponding in-SODQH FRQGXFWLYLW\ ı//,SOIR), measured on glass, is 
approximately 10-9 S/cm [Buehlmann 2007]. The thickness of the SOIR layers ranges from 50 
to 300 nm.   
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Table 7.3: Summary of the co-deposition run for the 1st comparison of SOIR versus ZIR, with different thicknesses 
dIRL of the intermediate reflector layer (IRL) and two different front LPCVD ZnO layers. The in-plane conductivity ı// 
of the corresponding IRL is indicated. The thicknesses dfront and dback, the carrier concentrations N [Steinhauser 
2007], and the VXUIDFHURXJKQHVVırms of the front and back LPCVD ZnO layers are also indicated, as well as the 
thicknesses dtop and dbot, and the deposition reactor and plasma excitation frequency for the top and bottom cells. 
 Characteristic Value 
Front 
LPCVD ZnO 
Type 
dfront ȝP 
N (cm-3) 
ırms (nm) 
Type-A 
1.9 
1.4x1020 
66 
Type-C 
4.8 
4x1019 
165 
Top cell Reactor 
Excitation freq. 
dtop (nm) 
KAI-S 
40 MHz 
180 
KAI-S 
40 MHz 
180 
IRL Type 
Dep. technique 
Excitation freq. 
ı//  (S/cm) 
 
dIRL (nm) 
 
 
 SOIR 
VHF-PECVD 
   110 MHz 
10-9 
 
50, 75, 
120, 200,  
300 
ZIR 
LPCVD 
   -- 
   1 
 
57, 85, 
145, 202, 
4000 
no IRL 
-- 
-- 
-- 
 
-- 
-- 
-- 
  SOIR 
VHF-PECVD 
    110 MHz 
   10-9 
 
50, 75, 
120, 200, 
300 
   ZIR 
LPCVD 
     -- 
     1 
 
  57, 85, 
  145, 202, 
  4000 
no IRL 
-- 
-- 
-- 
 
-- 
-- 
-- 
Bottom cell Reactor 
Excitation freq. 
dbot (ȝm) 
KAI-S 
40 MHz 
1.8 
KAI-S 
40 MHz 
1.8 
Back contact dback ȝP 
N (cm-3) 
White reflector 
1.9 
1.4x1020 
yes 
1.9 
1.4x1020 
yes 
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Table 7.4: Summary of the co-deposition run for the 2nd comparison of SOIR versus ZIR comparison, with different 
in-plane conductivity ı//. The corresponding dIRL of the intermediate reflector layer (IRL) is indicated. The 
thicknesses dfront and dback, the carrier concentrations N [Steinhauser 2007], and the VXUIDFHURXJKQHVVırms of the 
front and back LPCVD ZnO layers are also indicated, as well as the thicknesses dtop and dbot, and the deposition 
reactor and plasma excitation frequency for the top and bottom cells 
 Characteristic      Value 
Front 
LPCVD ZnO 
Type 
dfront ȝP 
N (cm-3) 
ırms (nm) 
Type-A 
1.9 
1.4x1020 
66 
Top cell Reactor 
Excitation freq. 
dtop (nm) 
Syst. B 
70 MHz (a-6L+OD\HUVDQG0+]GRSHGȝF-Si:H layers)  
300 
IRL Type 
Dep. Technique 
Excitation freq. 
ı//  (S/cm) 
 
dIRL (nm) 
 
no IRL 
-- 
-- 
-- 
 
-- 
SOIR 
VHF-PECVD 
110 MHz 
10-9 
 
230 
 
ZIR 
LPCVD 
-- 
10-6 
 
352 
 
ZIR 
LPCVD 
-- 
1 
 
316 
 
Bottom cell Reactor 
Excitation freq. 
dbot (ȝm) 
Syst. B 
110 MHz (doped ȝc-Si:H layers) and 122 MHz (intr. ȝc-Si:H layer) 
3.0 
Back contact dback ȝP 
N (cm-3) 
White reflector 
4.8 
4x1019 
yes 
Optical reflectance and transmittance of SOIR and ZIR layers are measured with a 
Perkin-Elmer Lambda900 UV/VIS/NIR spectrometer, within a spectral range from 320 to 
QP7KHUHIUDFWLYHLQGH[QDQGWKHDEVRUSWLRQFRHIILFLHQWĮDUHHVWLPDWHGE\ILWWLQJ
the transmittance and reflectance spectra with the software FTIR from ECN, Netherlands 
[Biebericher 2004]. 
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7.4.3 SOIR versus ZIR: Results and discussion  
Fitted refractive index and absorption spectra of SOIR and ZIR materials, used in the 
1st experiment, are compared in Fig. 7.11. The thickness of the SOIR and ZIR layers used 
for characterization is 250 and 202 nm, respectively. We observe that for Ȝ QP(a 
typical wavelength of interest for back-reflection in the a-Si:H top cell) the refractive 
index is 1.88 and 2.02 for the SOIR and the ZIR layer, respectively. At the same 
wavelength the absorption curves just cross, the SOIR layer becoming more transparent to 
red and infrared photons than the ZIR layer. However the SOIR layer is yellowish and 
therefore absorbs more light in the visible range of the spectrum than the ZIR.  
  
 
Fig. 7.11: Fitted refractive index and absorption 
spectra for SOIR and ZIR layers with thicknesses of 
250 and 203 nm, respectively. The fit is performed 
from reflectance and transmittance spectra 
measurements with the help of the software FTIR 
from ECN, Netherlands [Biebericher 2004]. 
 
 
 
 
 
 
 
The gains ǻ-sc,top obtained for the current density of the top cell, when IRL of different 
thicknesses are introduced in micromorph cells deposited on the Type-A ZnO:B layer 
with small feature size and on the Type-C ZnO:B layer with large feature size are 
exhibited in Fig. 7.12(a), for SOIR layers and in Fig. 7.12(b) for ZIR layers. 
Unfortunately, during this run, pressure regulation problems impaired the co-deposition of 
the ȝc-Si:H bottom cells and no reliable EQEbot curves are measurable. Therefore we 
cannot compare the lRVVHVǻ-sc,bott. For the gains ǻJsc,top we observe: 
(1) for both types of IRL, ǻJsc,top reaches a plateau, 
(2) for both IRL, the maximum gain in the top cell is ǻJsc,top = 2.4 mA/cm2, 
(3) for both IRL, ǻJsc,top is ~0.5 mA/cm2 smaller with the rough substrate (Type-C  
      ZnO). 
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Fig. 7.12: Result of the co-deposition run, described in Table 7.3, for the 1st comparison of SOIR versus ZIR, with 
different thicknesses dIRL of the intermediate reflector layer (IRL) and two different front LPCVD ZnO layers: ǻ-sc,top 
obtained by the insertion of (a) a SOIR and (b) a ZIR layer, when the device is deposited on a ZnO of Type-A or 
Type-C (see also Table 7.5). Lines are guides for the eye. 
 
Therefore, despite of the lower refractive index of the SOIR material, when compared 
to ZIR, no evidence of a better effectiveness in increasing Jsc,top is found for the SOIR 
layer. Observation (3) confirms the reduced effectiveness of the IRL when the surface 
roughness of the interfaces increases, as observed in section 7.3. This is further 
investigated in section 7.5. 
The Voc and FF of the micromorph cells co-deposited during the 2nd experiment are 
plotted in Fig. 7.13, where we compare devices without IRL, with a SOIR layer (ı//,SOIR = 
10-9 S/cm), with a low conductivity ZIR layer (ı//,ZIR = 10-6 S/cm) and with a standard ZIR 
layer (ı//,ZIR = 1 S/cm). It appears that the Voc of the micromorph cells without IRL, with a 
SOIR layer and with a highly resistive ZIR are statistically identical. However, when a 
standard ZIR with higher in-plane conductivity is introduced in the micromorph device, 
the Voc is reduced by about 15 to 20 mV. We also observe that with both types of ZIR 
layers, the FF values are spread over a much wider range than when no IRL is inserted or 
when a SOIR layer deposited in situ is used. We suggest that the low values of FF and Voc 
with ZIR layers are due to shunts, most probably induced by particle contamination  
of the sample during handling and ZIR deposition. Indeed, these lower Voc and FF values 
correlate with smaller Rsc values measured under low illumination. The high FF  
values obtained for some cells on the sample with the highly resistive ZIR are obtained 
due to the fortunate absence of shunt and to the stronger bottom limitation resulting  
from a thicker IRL (Jsc,top = 13.4 mA/cm2 and Jsc,bot = 11.6 mA/cm2). We explain the 
identical FF values for the samples without IRL and with the SOIR by the fact that, when 
inserting the SOIR layer, the micromorph device moves from a strongly top-limited 
tandem (Jsc,top = 11.2 mA/cm2 and Jsc,bot = 14.8 mA/cm2) to a more moderate bottom 
limitation (Jsc,top = 13.2 mA/cm2 and Jsc,bot = 12.0 mA/cm2). 
  
(a) (b) 
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Fig. 7.13: Result of the co-deposition run, described in Table 7.4, for the 2nd comparison of SOIR versus ZIR: 
comparison of (a) Voc and (b) FF of the co-deposited micromorph cells, without, and with, the insertion of an IRL 
(SOIR or ZIR with in-plane conductivity of 10-6 or 1 S/cm). For each of the 4 configurations, there is one substrate 
with 6 cells of 1.2 cm2 VXUIDFHDUHD7KHJUDSKVGLVSOD\WKHUHVXOWVRIWKHPHDVXUHPHQWVLQWKHIRUPRI³ER[-SORWV´
For each set of 6 cells, the horizontal line is the median and the ends of the box are the first and third quartile of the 
set of data. For the cell with the best Voc on each substrate, the numerical values of Voc and FF are indicated.  
 
7.4.4 SOIR versus ZIR: Conclusion 
Despite of the lower refractive index of the silicon oxide based material used for SOIR 
deposition, no optical enhancement has been demonstrated so far in favor of SOIR, in the 
comparison with ZIR.  
The low in-plane conductivity of the SOIR constitutes an intrinsic advantage of this 
layer, allowing the preservation of Voc and FF if the bottom cell is moderately shunted. 
However, we have shown in this section that deposition of ZnO layers with low 
conductivity can provide the same performance, in terms of Voc and best FF value.  
Nevertheless, SOIR has a definitive advantage over ZIR: it is deposited in situ and, 
probably, in particle-free deposition conditions. The resulting improvement of yield is of 
course an advantage for industrial scale production, but also at the laboratory scale, where 
time saved, yield, reproducibility, and thus confidence in the results are tremendously 
increased when performing experiments with SOIR instead of ZIR.  
7.5 Interplay between the front TCO and the IRL 
7.5.1 Motivation 
According to chapter 5 the electrical characteristics of the bottom cell are affected by 
WKHPLFURVWUXFWXUHRI WKH LQWULQVLFȝF-Si:H material. This microstructure depends on the 
plasma deposition conditions and shows that the formation of cracks and voids induced 
by the surface morphology of the substrate can occur during the growth [Bailat 2006, Python 
2008]. We have seen in chapter 3 and in section 7.3 of the present chapter that we can 
SOIR 
230 nm 
10-9 S/cm 
ZIR 
352 nm 
10-6 S/cm 
ZIR 
316 nm 
1 S/cm 
no 
IRL 
SOIR 
230 nm 
10-9 S/cm 
ZIR 
352 nm 
10-6 S/cm 
ZIR 
316 nm 
1 S/cm 
no 
IRL 
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solve this issue by a change of the surface morphology of the front ZnO layer, from V- to 
U-shaped valleys, with a plasma post-treatment [Bailat 2006]. But we know from chapter 6 
that with this post-treatment, the angular distribution function of the light transmitted 
through the layer will be narrower than without post-treatment. Krc et al. have shown by 
optical simulation that the angular distribution function (ADF) of light scattered at the 
rough interfaces of the micromorph device with IRL significantly influence Jsc,top and 
Jsc,bot and the balance between them [Krc 2006]. The plasma post-treatment of the ZnO layer 
can be used as a tool to change the ADF. In this section, we will therefore use this tool to 
experimentally study the situation.  
We first analyze the light-scattering properties of different nano-textured TCO layers 
used as front electrodes for our p-i-n micromorph cells, incorporating a silicon oxide 
based IRL (SOIR) developed by P. Buehlmann [Buehlmann 2007]. Photocurrents in 
individual state-of-the-art cells are then compared for front TCOs with different surface 
morphologies. The interplay of the front TCO and IRL on the fill-factor (FF) and open-
circuit voltage (Voc) of the micromorph device is also discussed. Finally, we present the 
latest results obtained at IMT for state-of-the-art micromorph tandem cells.  
7.5.2 Experimental 
Front TCO layers 
The front TCO layers used in this study are LPCVD ZnO:B films with two different 
doping levels deposited on AF45 borosilicate glass plates from Schott. The thickness of 
the resulting layers is adjusted to obtain a sheet resistance of about 10 :VT7KHLUırms 
values are determined by AFM in the non-contact mode. These characteristics, 
summarized in Tables 7.5 and 7.6 for the two sets of front ZnO layers used in this study, 
depend on the thickness of the layers and on the duration of the plasma post-treatment 
applied to their surface. By increasing the post-treatment time, the surface changes from 
V- to U- VKDSHGPRUSKRORJ\DQGırms decreases. 
Table 7.5: Thickness d, carrier concentration N [Steinhauser 2007], post-treatment time tPT, and surface roughness 
ıUPVIRUWKHst set of front ZnO layers (Type-A, -B, -C). 
Type of front ZnO A B C 
d ȝP 1.9 4.8 4.8 
N (cm-3) 1.4x1020 4x1019 4x1019 
tPT (min) 0 0 20 
ırms (nm) 66 178 165 
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Table 7.6: Same as Table 7.5 for the 2nd set of Type-C (lightly-doped) front ZnO layers. 
Type of front ZnO C1 C2 C3 C4 
d ȝP 4.8 4.8 4.8 4.8 
N (cm-3) 4x1019 4x1019 4x1019 4x1019 
tPT (min) 60 30 20 10 
ırms (nm) 122 160 169 175 
Note that the Type-B ZnO (without post-treatment), whose sharp V-shaped structures 
prevent good electrical properties of the device, is presented only for haze measurement 
comparisons. The low doping level used for deposition of the thick, large grain, ZnO 
layers (Type-B and -C) provides high transparency in the near infrared (NIR) spectral 
range because of reduced free carrier absorption (FCA) [Steinhauser 2005, Steinhauser 2007].  
The diffuse transmittance in-air of the different TCO layers, when light is normally 
incident to the glass side, is investigated by means of their haze factor HT and by angular 
resolved scattering (ARS) measurements. HT = Tdif/Ttot is calculated from total and diffuse 
optical transmittance measurements (Ttot and Tdif) carried out with a dual-beam Perkin-
Elmer Lambda 900 UV/VIS/NIR spectrometer equipped with an integration-sphere. The 
experimental HT is then compared with the prediction of the scalar scattering theory 
(relation 6.9 of chapter 6) [Carniglia 1979]. ARS is performed with a red laser beam (633 nm) 
and a rotating photodetector. As in chapter 6, the intensity measured at a scattering angle 
șZLWKUHVSHFWWRWKHGLUHFWLRQRIWKHLQFLGHQWODVHUEHDPLVLQWHJUDWHGRYHUWKHD]LPXWhal 
DQJOHĳFRQVLGHULQJDQLVRWURSLFVFDWWHULQJRYHUĳ7KLVSURYLGHVWKHSURILOHRIWKHWRWDO
WUDQVPLWWHGLQWHQVLW\VFDWWHUHGDWWKHDQJOHșSHUXQLWRIVROLGDQJOH[Stiebig 2000, Schulte 2007].  
 
Fabrication and characterization of the micromorph cells 
P-i-n micromorph cells and SOIR layers were deposited by VHF-PECVD. The top 
a-Si:H cells of the tandems presented in the first part of this study were deposited with a 
plasma excitation frequency of 40 MHz in a KAI-S deposition reactor from OC Oerlikon. 
ThH62,5OD\HUVDQGWKHERWWRPȝF-Si:H cells were deposited in a laboratory scale dual 
chamber deposition system (system B, see section 2.1). The VHF-PECVD process of the 
state-of-the-art micromorph cells was fully completed in this deposition system. One 
chamber is dedicated to the deposition of the SOIR and doped silicon layers at 110 MHz, 
whereas the a-6L+DQGȝF-Si:H intrinsic silicon layers are deposited in the other chamber 
at 70 MHz and 122 MHz, respectively. Note that the IRL is n-type and does not belong to 
the recombination junction of the tandem. 
The last cell presented in section 7.5 was deposited on AF45 glass plates with one side 
covered with a broadband anti-reflection (AR) coating from Schott. A measurement of the 
reflectance of the AR coated glass (not shown here) indicates that the reflectivity at the 
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air-glass interface is smaller than 1.2% in the 400±970 nm spectral range. In agreement 
with this result a comparison of two micromorph cells co-deposited on AF45 glass plates 
with and without AR coating showed a relative increase of 3% for the sum of the Jsc 
values of the individual cells for the device deposited on the glass with this AR coating. 
The back contact of the cells consists of a LPCVD ZnO layer covered with a dielectric 
back reflector [Meier 2005]. The cell area (~1.2 cm2) is patterned by lift-off of the back 
LPCVD ZnO layer and SF6 SODVPDHWFKLQJRIWKHȝF-Si:H, SOIR and a-Si:H layers. 
The measurement of the EQE and J-V curves is described in section 7.3.2. Curves of 
total reflectance (RtotRI WKHVRODUFHOOVZLWKUHVSHFW WR WKHZDYHOHQJWKȜRI WKHLQFLGHQW
light are measured with the Lambda 900 spectrometer equipped with the integrating 
sphere.  
7.5.3 Results for the interplay between the front TCO and the IRL 
Light scattering properties of the front ZnO layers 
For the TCOs presented in Table 7.5, typical SEM pictures are shown in Fig. 7.14(a) 
and the experimental haze factors HT are plotted in Fig. 7.14(b) as a function of the 
ZDYHOHQJWKȜRIWKHWUDQVPLWWHGOLJKW 
 
 
 
 
 
 
 
Fig. 7.14: (a) Typical SEM pictures of Type-A, -B, and -C ZnO layers presented in Table 7.5. (b) Experimental 
(symbols) and calculated (lines) haze, for transmission in air, through the Type-A, -B and -C front ZnO layers. The 
values of the fitWLQJSDUDPHWHUȕT used for the calculation are also shown.  
(b) 
(a) 
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(b) (a) 
Type-A 
Type-C 
Type-B 
The experimental data can be fitted by the following function (the relation (6.9) already 
presented in chapter 6), which relates HT WRWKHVXUIDFHURXJKQHVVırms [Stiebig 2000] [Zeman 
2000]: 
 HT(Ȝ) = 1 ± exp[± ʌÂırms·CT·|n1 í n2|/ Ȝ) ȕT]      (7.1)  
where n1 and n2 are the refractive indices of the incident and transmission media, 
respectively, and CT, ȕT are fitting parameters. The fits obtained with constant CT values, 
comprised between 0.42 and 0.53 depending on the ZnO layer, are plotted in Fig. 7.14 for 
two values of ȕT, WRJHWKHUZLWK WKH H[SHULPHQWDO UHVXOWV'HILQLQJ Ȝeff DV Ȝ|n1 íQ2|, an 
almost FXELFGHSHQGHQFHȕT = 2.8) on WKHIDFWRUırmsȜeff in the exponential is found for 
the Type-A ZnO (small feature size). This is in agreement with Zeman et al. who found a 
FXELFGHSHQGHQFHRQırmsȜeff for HT of Asahi U-type SnO2:F layers (similar to Type-A 
ZnO) [Zeman 2000] and with Stiebig et al. who mentioned power factors larger than 3 for 
ZnO:Al layers textured by post-etching in HCl [Stiebig 2000], whereas a square dependence 
and CT = 0.5 are predicted by the scalar scattering theory [Carniglia 1979]. For Type-B and 
Type-C ZnO layers (large feature size), HT is described by a square dependence on 
ırmsȜeff IRUȜQPDVSUHGLFWHGE\WKHRU\%XWIRUODUJHUȜ there is again an almost 
cubic dependence. 
The spectral dependence of HT at the internal ZnO/Si interface, as calculated from eq. 
(7.1) using n2 = 4 for Si and the values deduced from the measurements in air for CT and 
ȕT, are plotted in Fig. 7.15(a). This indicates that, in a device, more than 65 %, 95 % and 
RI WKH OLJKWZLWK Ȝ QPwould be diffused by ZnO of Type-A, -C and -B, 
UHVSHFWLYHO\)RUȜQPWKLVUDWLRLQFUHDVHVWRIRUWKHType-A ZnO.  
Angular distribution profiles (normalized to their maximum values [Schulte 2007]) of the 
GLIIXVHOLJKWȜ QPWUDQVPLWWHGLQDLU WKURXJKType-A, -B and -C ZnO layers are 
plotted in Fig. 7.15(b). This figure shows a narrower angular distribution for the light 
scattered by the Type-C ZnO layer, with the most probable scattering angle equal to 15°. 
This value is significantly smaller than with the Type-A ZnO (~40°).  
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.15: (a) Calculated haze in transmission at the ZnO/Si internal interface for Type-A and Type-C front ZnO 
layers, with the values of CT and ȕT used in Fig. 7.14 for the fits. (b) Experimental angular distribution profiles of 
OLJKWȜ QPGLIIXVHGDQGWUDQVPLWWHGLQDLUE\WKHVH7&2OD\HUV. 
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Optical interplay between the front ZnO and the IRL 
EQEs of micromorph tandems deposited on Type-A and Type-C ZnO layers, with top 
FHOO62,5DQGERWWRPFHOOWKLFNQHVVHVRIQPQPDQGȝPUHVSHFWLYHO\DUH
plotted in Fig. 7.16. The sum of the Jsc values of the individual cells is increased by 7% 
from 25.0 to 26.8 mA/cm2 when the tandem is deposited on the lightly-doped, large grain, 
thick ZnO layer. This is mainly produced by a relative gain in EQE in the red and NIR 
parts of the spectrum. However, Jsc,top is smaller for the micromorph cell deposited on this 
thicker ZnO layer. This drawback, already observed with a ZIR layer, will be discussed in 
the sub-section 7.5.4, on the basis of the following comparison.  
 
Fig. 7.16: EQEs of micromorph cells with 150 nm thick SOIR layers deposited on Type-A and Type-C front ZnO. 
 
To explain why Jsc,top is smaller when the Type-C ZnO layer with larger feature sizes is 
used as front TCO, we deposited four micromorph cells. Two cells were deposited with 
the insertion of a 150 nm thick SOIR layer and two cells were deposited without IRL. The 
deposition of these two types of device was carried out on Type-A and Type-C front ZnO 
layers. The EQE curves of these micromorph cells are plotted in Fig. 7.17. The striking 
point is that, for the two devices without IRL, the EQE curves for the top cells are almost 
identical. However the gain in Jsc,top ǻ-sc,top) obtained by insertion of the IRL is larger 
when the tandem is deposited on the Type-A ZnO layer with the smaller feature size (2.6 
instead of 2.1 mA/cm2).  
The influence of the SOIR thickness on Jsc,top and Jsc,bot is plotted in Fig. 7.18(a). The 
overall loss is illustrated in Fig.7.18(b), where the average of Jsc,top and Jsc,bot, (Jsum/2), 
which corresponds to the maximum Jsc achievable for a current matched tandem, shows a 
decreasing trend when the thickness of the SOIR layer increases. 
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Fig. 7.17: EQEs of micromorph cells on Type-A and Type-C front ZnO with/without a 150 nm thick SOIR. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.18: Dependence of (a) Jsc,top and Jsc,bot and (b) the average of Jsc,bot and Jsc,top on the thickness of the SOIR 
OD\HUQPVWDQGVIRU³QR62,5OD\HU´ IRUPLFURPRUSKFHOOVGHSRVLWed on front ZnO layers of Types-C1 to -C4 
listed in Table 7.6. 
 
We also observe, in Fig. 7.18(b), that Jsum/2 monotonically decreases ZKHQırms of the 
front TCO decreases (i.e. when the post-treatment duration of the ZnO layer is increased). 
This follows from a monotonic (and somewhat steady) decrease of Jsc,top and from a 
sudden decrease of Jsc,bott for the longer post-treatment (see Fig. 7.18(a)). 
Figures 7.19(a) and (b) show the curves of EQEtop and EQEbot, with their sum, as well 
as the total absorbance (1 ± Rtot) for the micromorph solar cells deposited on the Type-C1 
(a) (b) 
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and on the Type-C3 ZnO layers. Rtot is the total reflectance of the device. The 
FRUUHVSRQGLQJJDLQǻ-sc,top DQGORVVǻ-sc,bot in the Jsc of the top and bottom component cells 
are plotted in Fig. 7.19(c) and (d) versus the thickness d of the SOIR layer. In these 
ILJXUHVWKHRULJLQRIǻ-sc,bot is divided into 3 parts: (i) the transfer of Jsc from the bottom 
to the top cell (±ǻ-sc,top); (2) the loss by increased total reflectance Rtot, calculated as the 
difference of current density ǻJRtot, by integration over the wavelength range, of the 
product of the difference of total reflectance, times the spectral density of the photon flux 
of AM1.5g solar spectrum; and (3) the increase of optical absorption in the doped Si 
layers, in the front and back TCO layers and in the IRL, calculated as the difference 
between ǻJsc,bott and (±ǻJsc,top+ǻJRtot).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.19: EQE curves and total absorbance (1 ± Rtot) spectra for a SOIR thickness series of micromorph cells 
deposited on (a) Type-C1 (ırms = 122 nm) and (b) Type-C3 (ırms = 169 nm) front ZnO layers.(c) and (d) show the 
corresponding experimental gain ǻJsc,top (blue points) and loss ǻJsc,bot (red points) in the current densities of top and 
bottom cells, respectively, as a function of SOIR WKLFNQHV$]HUR62,5WKLFNQHVVVWDQGVIRU³QR62,5´,QDGGLWLRQ 
-ǻJsc,top and the loss by increased total reflectance ǻJRtot are indicated in (c) and (d). This is for the evaluation of the 
loss by increased optical absorption, which corresponds to the distance between ǻJsc,bot and (±ǻJsc,top+ǻJRtot). The 
lines are guides for the eyes.  
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Concerning Rtot in Figs 7.19(a) and (b), we make two observations: 
(1) The presence of the IRL produces bumps in Rtot, which increase in amplitude and 
DUH³UHG-VKLIWHG´ZKHQLWVWKLFNQHVVGLQFUHDVHV 
(2) These bumps are significantly reduced for large ırms of the front ZnO layer (i.e. for 
short post-treatment of its surface). 
We observe in Figs. 7.19(c) and (d) that the losses by optical absorption and by 
increased reflectance get larger when the thickness d increases. For the thicker IRL, these 
two effects contribute roughly equally to the total loss induced by the insertion of the IRL. 
This is the case for any thickness d and for both types of front TCO. 
Curves of EQEtop and EQEbot and of total absorbance (1 ± Rtot) are plotted in  
Fig. 7.20(a), for the solar cells deposited on the Type-C1, -C2 and -C4 ZnO layers 
without and with the 70 nm thick IRL. These curves allow us to analyze the origin of the 
decrease of Jsc,top and Jsc,bot when the duration of the post-treatment of the ZnO layers 
increases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.20: (a) EQE curves and total absorbance (1 ± Rtot) spectra for micromorph cells, without and with a 70 nm 
thick SOIR layer, deposited on Type-C1 (ırms = 122 nm), -C2 (ırms = 160 nm) and -C4 (ırms = 175 nm) front ZnO 
layers. (b) change of Rtot when compared to Rtot of the cell without IRL and deposited on the rougher (Type-C4) front 
ZnO layer. The arrow and numbers in (a) indicate a change of effective optical thickness of the top cell when it is 
deposited on different ZnO layers. 
We draw 4 observations concerning Rtot, with the help of the curves (1 ± Rtot) and of  
Fig. 7.20(b), on which are plotted the change of Rtot when compared to Rtot of the cell 
without IRL and deposited on the rougher (Type-C4) front TCO:  
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(a1) The increase of the post-treatment duration produces an increase of Rtot, which 
explains the decrease of Jsum/2.  
D)RUQPȜQP, this increase of Rtot is independent of the presence of 
the I5/DQGDOPRVWLQGHSHQGHQWRIȜ7KLVSRLQWVRXWDQLQFUHDVHRIWKHUHIOHFWDQFHRIWKH
ZnO/Si interface when it gets smoother by means of surface post-treatment of the front 
ZnO layer. 
D )RU Ȝ !  QP WKH SUHVHQFH RI WKH ,5/ SURGXFHs interferential bumps in Rtot, 
ZKLFKLQFUHDVHLQDPSOLWXGHDQGDUHVXEMHFWWRD³UHG-VKLIW´ZKHQWKHGXUDWLRQRIWKHSRVW-
treatment increases. Note that for the smoother ZnO layer, we identify 3 bumps: the first, 
YHU\VPDOOFHQWHUHGDWȜaQPWKHVHFRQGFHQWHUHGDWȜa40 nm; and the third broad 
RQHFHQWHUHGDWȜaQP, which shifts Rtot by more than 10%. 
D )RU Ȝ !  QP Rtot of the cells deposited on the ZnO with the longer post-
treatment is shifted by a further offset, independently of the presence of an IRL, which 
UHDFKDERXWDWȜ  nm. 
On the basis of the above observations, we note, concerning EQEtop and EQEbot: 
(b1) The decrease of EQEtop IRUQPȜQP can be attributed in part to (a2) 
but absorption in the front ZnO layer and/or in the p-type layer of the top cell must 
contribute to the remainder of the loss of EQEtop in this wavelength range. 
(b2) The small drops in EQEtop and EQEbot DURXQGȜ QPIRUWKHFHOOVZLWK,5/
are produced by the second bump of Rtot pointed out in (a3) 
(b3) The large drops in EQEbot QHDU Ȝ    QP PXVW EH DWWULEXWHG WR D DQG
additionally to the bumps in Rtot (a3) for the case of cells with IRL. 
Pellaton et al. showed in the case of flat interfaces that when an IRL is inserted in the 
micromorph device, the top cell behaves as a half-wavelength plate (it is indeed 
surrounded by material with lower refractive indexes) and, therefore, that the spectral 
position of the bumps of reflection is significantly influenced by the thickness of the top 
cell, and not only by the thickness of the IRL [Pellaton 1998a]. This would provide an 
explanation of WKH ³UHG-VKLIWV´ of the bumps of reflectance observed in Figs. 7.19 and 
7.20. Also, this provides a method to assess the effective optical thickness of the top cell 
when it is deposited on different ZnO layers. Considering, in Fig. 7.20, the anti-reflection 
effect produced by the top cell (half-wave plate) we calculate a decrease of the effective 
optical thickness of the top cell (300 nm nominal) from 280 nm to 264 nm when ırms 
increases from 122 nm to 160 nm. 
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Influences of the front TCO and IRL on the electrical properties of the device 
The 2nd set of Type-C, lightly-doped, front ZnO layers (described in Table 7.6) with 
different post-treatment durations was used for deposition of micromorph cells without 
and with a SOIR layer with different thicknesses. 
Figures 7.21(a) and 7.21(c) illustrate the influence of the surface roughness of the front 
ZnO on the Voc and FF of micromorph cells without and with a 70 nm thick SOIR layer. 
Note that the same PECVD deposition conditions were used, and no specific recipe 
improvement was implemented that could compensate in part the observed losses for FF 
and Voc. Figures 7.21(b) and 7.21(d) illustrate the change in Voc and FF when SOIR layers 
of increasing thicknesses are introduced in the device. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.21: Dependence of Voc and FF (a, c) on the surface roughness (i.e. on the post-treatment time) and (b, d) on 
WKH62,5WKLFNQHVVQPVWDQGVIRU³QR62,5OD\HU´IRUType-C ZnO layers described in Table 7.6. 
 
The results indicate that the Voc GUDVWLFDOO\GHFUHDVHVZKHQırms increases (80 mV for  
DQPLQFUHDVHRIırms for the cell without SOIR) but is not influenced by the presence 
of the SOIR layer (no trend in Fig. 7.21E,QERWKFDVHVRSWLPXPVYDOXHVRIırms (i. e. 
optimums post-treatment times) maximize the FF (Fig. 7.21(c)). Figure 7.21(d) indicates 
that, when the thickness of the SOIR layers increases, the FF value of the micromorph 
cells suddenly increases from about 70% to 74-75%.  
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 Micromorph cell optimization 
Further optimization of our state-of-the-art micromorph device consists of choosing the 
best post-treatment for the lightly-doped front ZnO in terms of high Voc and good Jsc,bot 
values and, for a given 300 nm thick top cell, possibly adapting the thicknesses of  
the SOIR layer and bottom absorber to obtain a bottom-limited tandem with Jsc close  
to 13 mA/cm2. The J-V characteristics of our best light-soaked micromorph cell in the 
initial state and after 1000 h of light-soaking at 50 °C are plotted in Fig. 7.22. It was 
deposited on AF45 glass plates (without AR coating) covered by a Type-C2 front ZnO 
OD\HU 7KH ERWWRP DEVRUEHU DQG WKH 62,5 OD\HU WKLFNQHVVHV DUH  ȝP DQG  QP
respectively, providing a bottom-limited tandem (Jsc,top=13.3 mA/cm2) with a Jsc value of 
12.7 mA/cm2. The initial conversion efficiency of this cell was 12.6%. After light-soaking 
it stabilized at 11.1%. 
 
Fig. 7.22: J-V curves of a micromorph cell deposited on a lightly-doped, large grain, thick LPCVD ZnO layer in the 
initial state and after 1000 h of light soaking. 
 
To reach initial conversion efficiencies close to 14% a further increase of Jsc towards 
14 mA/cm2 is needed. Therefore we deposited our device on AF45 glass plates covered 
with the broadband AR coating from Schott. Together with an increase of the bottom cell 
WKLFNQHVVWRȝPWKLVSHUPLWWHGDQLQFUHDVHin the sum of the Jsc of the component cells 
from 26.0 mA/cm2 to 27.7 mA/cm2 (+6.5%). The current matching was obtained with a 
top cell thickness increased to 340 nm. The J-V and EQE curves of the resultant 
micromorph cell are plotted in Fig. 7.23. This tandem is slightly top limited with a 
remarkably high value of 13.8 mA/cm2 for Jsc (Jsc,bot=13.9 mA/cm2) and yields an initial 
conversion efficiency of 13.3% (Voc=1.36 V, FF=70.8%). 
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Fig. 7.23: (a) J-9FXUYHRI ,07¶VPRVW UHFHQWPLFURPRUSKFHOO GHSRVLWHGRQDJODVV VXEVWUDWHZLWKDQWLUHIOHFWLRQ
coating (ARC). (b) EQE curves of the top and bottom cells of the same micromorph cell as in a). 
 
7.5.4 Discussion of the results 
 
Light scattering properties of the front ZnO layers 
Assuming that ARS in air is relevant to predict the ZnO/Si internal interface behavior 
[Krc 2002], the broader angular distribution produced by the Type-A ZnO, compared to 
Type-C (Fig. 7.15(b)) offsets the slightly lower HT value at an internal ZnO/Si interface 
IRU Ȝ   QP )LJ 15(a)). We showed in chapter 6 that ARS is the pertinent 
measurement method to predict the effectiveness of the light scattering produced in Si by 
different front TCO layers. Our calculations indicated that ARS trends at a semi-infinite 
ZnO/Si interface can be compared to ARS measurements performed in air, keeping in 
mind that the ARS profiles in silicon are actually shifted towards smaller scattering angles 
(compare Figs. 6.13(b) and (d) in chapter 6). This explains why the less diffusive Type-A 
ZnO is actually more suited for light trapping in a-Si:H single junction solar cells than the 
Type-C ZnO, as observed for similar ZnO layers in section 7.3, for the 550-700 nm 
spectral range. 
Optical interplay between the front TCO and the IRL 
Likewise for the micromorph cells with ZIR presented in section 7.3, the gain of EQE 
obtained in the red and NIR parts of the spectrum when micromorph cells are deposited 
on Type-C ZnO is the consequence of the lower FCA and of the larger HT for long 
wavelengths of the thick and lightly-doped ZnO layer. The relative roles of the larger HT 
and lower FCA will be discussed in chapter 8. It was shown in chapter 3 that ARS 
profiles are more relevant than HT measurements to assess the light-scattering capability 
(b) (a) 
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of a front TCO. As the ARS profile is narrower for the Type-C than for the Type-A ZnO 
(Fig. 7.15(b)) a major contribution by the FCA is suspected.  
When an IRL is inserted, losses due to an increased total reflectance of the cell occur, 
as indicated by the sum of EQEtop and EQEbot curves in Figs. 7.16 and 7.19(a,b) and by 
the decrease of Jsum/2 in Fig. 7.18(b). If the device is deposited on a rougher substrate, we 
see in Fig. 7.19(b) that these losses can be mitigated. It is worth emphasizing that the 
position of the peaks of reflectance can be tuned by changing the thickness of the top cell 
[Okada 2003]. 
A change in the optical reflection at the ZnO/Si interface, partly by means of index 
grading, is observed in Fig. 7.20 for different post-treatment durations of the surface of 
the front TCO, as reported by Buehlmann et al. in [Buehlman 2007]. This anti-reflection 
effect will be discussed in chapter 8.  
The striking point in the comparison of EQE curves plotted in Fig. 7.17 is that the 
EQEtop curves for the two devices without IRL are almost identical, despite of the very 
different light-scattering properties measured in air for the ZnO layers of Type-A and 
Type-C (see Figs. 7.14 and 7.15(b)). We suggest the following explanation. When no IRL 
is inserted, the fraction of light in the 550-700 nm spectral range not absorbed in the top 
cell during the first pass, travels only once through the micromorph cell because of 
absorption in the thick bottom cell. This makes ineffective a possibly better light 
scattering capability of the front TCO in this wavelength range, because even if the 
critical angle of total internal reflection is reached, no light trapping will be promoted in 
the top cell. Therefore, for micromorph cells without IRL, light absorption in the top cell 
is not strongly linked to differences in the surface morphology of the different front TCO 
layers used in this study. Conversely, there is an improvement shown in Figs. 7.16 and 
7.17, of EQEtop in the 550-700 nm spectral range when a micromorph cell with IRL is 
deposited onto the Type-A ZnO layer. It is accounted for by the sufficient HT (>85%) for 
wavelengths shorter than 700 nm combined with a broader angular distribution of the 
transmitted light scattered at this ZnO/Si interface. This enhances the light trapping 
promoted by the IRL in the top cell and, in turn, produces the improvement of the IRL 
effectiveness observed in Fig. 7.17. In other words, the IRL promotes the light trapping 
capability of the front TCO in the top cell.  
Note that in the experiments and calculations on front ZnO layers with double-texture 
presented in chapter 6, no link was found between ARS and EQEtop of a micromorph cell 
with IRL. So far we identify only one common technological characteristic shared by the 
micromorph cells with an improved effectiveness of the IRL and therefore an improved 
EQEtop: no or very short (<5 min) surface post-treatment was applied on the surface of 
their front ZnO layer. As already stated in chapter 6, we expect that sharp structures 
beneficial to the light trapping in the 550±700 nm wavelength range of interest for the top 
cell are not smoothed in case of very short post-treatment of the surface of the ZnO. In 
other words, we believe that when an IRL is introduced in the micromorph tandem, this is 
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DFWXDOO\WKH³QHDU-ILHOG$56´LQWKHWRSD-Si:H cell, which is significant for an efficient 
light trapping in the top cell. We exSHFWWKDWDEURDG³IDU-ILHOG$56´DVH[SHULPHQWDOO\
observed in-air for the Type-A ZnO discussed in this chapter, will produce a decent 
³QHDU-ILHOG$56´LQWKHWRSFHOO%XWDQDUURZ³IDU-ILHOG$56´PHDVXUHGLQDLUPD\DOVR
SURGXFHDEURDG³IDU-ILHOG$56´ in the top cell, as it seems to be the case with the ZnO 
layer with double-texture presented in chapter 6.  
 
Influences of the front TCO and IRL on the electrical properties of the device 
The drastic decrease observed for Voc ZKHQırms increases (i.e. when the duration of the 
post-treatment of the front ZnO layer is reduced) can be related to a decrease of the Voc of 
the individual cells of the tandem [Dominé 2006]. For the behavior of Voc with the insertion 
of SOIR layers with different thicknesses, no influence can be deduced from Fig. 7.21(b). 
7KHFRPSOLFDWHGEHKDYLRURI))ZLWKWKHYDULDWLRQRIırms in Fig. 7.21(c) is produced 
E\FRPSHWLQJ LQIOXHQFHVRIHOHFWULFDOTXDOLW\ IRU WKHERWWRPȝF-Si:H cell and of current 
PDWFKLQJLQWKHWDQGHP,QGHHGZKHQırms decreases with increasing post-treatment time 
RI WKH IURQW=Q2 WKH )) WHQGV WR EH HQKDQFHGE\ WKH LPSURYHGTXDOLW\ RI WKHȝF-Si:H 
material, whereas it tends to be decreased when the current mismatch in the tandem 
decreases (see Jsc values in Fig. 7.18(a)).  
Likewise, we suggest that the dramatic increase of FF observed in Fig. 7.21(d) with the 
thicker SOIR layers is caused by the current mismatch in the tandems going from top-
limited to bottom-limited conditions (see Jsc values in Fig. 7.18(a)). Indeed, we calculated 
in section 7.2 that the increase in FF is larger in case of current-mismatch towards 
bottom-limitation.  
 
Micromorph cell optimization 
After light-soaking, the relative reduction of the performance of the bottom-limited 
micromorph cell with a top cell thickness of 300 nm is 12%. Since micromorph cells with 
stable Voc under light-induced degradation have been demonstrated [Meier 2003], the 
relative decrease of 4% for the Voc observed in this study should be avoidable. It is not 
fully understood yet and is briefly discussed later. 
Note that for the top limited micromorph cell with a 13.3% initial efficiency, we have 
to be careful, due to the increased thickness of the a-Si:H absorber (340 nm), of an 
expected light-induced degradation higher than 12%. 
The remarkably high Jsc value (13.8 mA/cm2) achieved for this tandem demonstrates, 
however, the excellent collection efficiency of the carriers photogenerated in our 
UHODWLYHO\ WKLFN ȝP LQWULQVLFȝF-Si:H absorber. This result gets us a step closer to 
obtain Jsc values above 14 mA/cm2, a prerequisite towards 14% micromorph cells.  
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7.5.5 Conclusions on the interplay between the front TCO and the IRL 
In summary, we showed that an intermediate reflector layer is essential in micromorph 
cells to take fully advantage of the light scattering capabilities of front TCO layers in the 
550-700 nm spectral range. We demonstrated a gain in Jsc,top of 2.6 mA/cm2 with a SOIR 
layer deposited in situ. This gain is comparable to previous results with an ex situ ZnO 
layer (2.8 mA/cm2, see section 7.3). The gain is slightly larger for micromorph cells 
deposited on front ZnO layers with small feature size and short post-treatment of the 
surface, because of the broader angular distribution of the light scattered by this diffuser. 
However, when lightly doped, thick front ZnO layers with large feature size are used as 
front TCOs, higher Jsc,bot values are achieved. This is due to the low FCA and large haze 
in WKH1,5RI WKHVH7&2V:LWK DȝP WKLFNȝF-Si:H absorber and without any AR 
coating, Jsc,top + Jsc,bot = 26.8 mA/cm2 has been obtained.  
This study also highlights a complicated interplay between morphology of the front 
TCO and thickness of the SOIR layer in determining FF value and current matching 
conditions in micromorph cells. Post-treatment for the front ZnO allowed us to optimize 
these parameters and the best device (1.2 cm2 and no AR coating) is a bottom-limited 
micromorph cell with 11.1% stabilized conversion efficiency.  
%\ LQFUHDVLQJ WKH ERWWRP FHOO WKLFNQHVV WR  ȝP DQG XVLQJ JODVV VXEVWUDWHVZLWK D
broadband AR coating, a Jsc value of 13.8 mA/cm2 is achieved. This remarkably high 
current density yields 13.3% initial conversion efficiency and makes an important 
contribution in paving the road towards 14% micromorph cells. 
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7.6 Intermediate reflector for high stable efficiencies: Proof of concept 
7.6.1 Motivation 
In our quest for micromorph tandem cells with Jsc values close to 14 mA/cm2, we have 
made use of an IRL to keep the thickness of the top cell reasonably thin and therefore 
mitigate the Staebler-Wronski effect. However, as shown in section 7.5, the introduction 
of the IRL induces losses by additional absorption and an increase of Rtot. Therefore, it 
has to be proven that if an IRL is introduced in the device, the benefits of a thinner top 
cell balance the losses in Jsum/2)RUWKLVSXUSRVHZHFRPSDUHWZR³KLJK-sc´PLFURPRrph 
cells in initial and light-soaked states: one without and one with an IRL. To make sense, 
this comparison involves micromorph cells with similar initial Jsc values. 
7.6.2 Experimental 
The micromorph cell with IRL is the device with 13.3% initial conversion efficiency 
presented in section 7.5, deposited on a AF-45 glass plate with broadband AR coating and 
a Type-C2 front ZnO layer. The IRL is a 150 nm thick SOIR. The cell without IRL is 
deposited on the same substrate and the thickness of its top cell is adapted in order to 
achieve similar Jsc values. For this, it was necessary to double that thickness from 340 to 
680 nm. The bottom cells of both tandems are co-deposited in the same deposition run. 
The thickness of the component cells and the IRL are given for comparison in Table 7.7. 
J-V and EQE curves are measured before and after 955 h of light-soaking at 50 °C. 
Table 7.7: Thicknesses dtop, dSOIR and dbot  for the two micromorph cells with/without IRL compared in section 7.6. 
Type of front ZnO thin top, with SOIR thick top, no SOIR  
dtop (nm) 340 680  
dSOIR (nm) 150 -  
dbot (ȝm) 3.5 3.5  
7.6.3 Results and discussion 
In Fig. 7.24(a) we compare the EQE curves of the two micromorph cells in their initial 
state. The EQE curves in the initial and in the degraded state are compared in Figs. 
7.24(b) and 7.24(c), for the device with a thick top cell and no SOIR and for the device 
with a thin top cell and a SOIR, respectively. The corresponding Jsc values for the top and 
bottom cells, deduced from the EQE measurements, are compiled in the tables next to the 
EQE curves, together with the J-V curves parameters  of the micromorph devices .  
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EQE,ini (top 680 nm, no SOIR, bottom 3.5 mm)
EQE,ini (top 340 nm, SOIR 150 nm, bottom 3.5 mm)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.24: Comparison of external quantum efficiency (EQE) curves of micromorph solar cells without (with) SOIR 
and a thick (thin) top a-Si:H cell in the initial state and after 955h of light soaking (LS). (a) Comparison of EQE 
curves of the two micromorph devices in the initial state. (b-c) Comparison of the EQE curves before (lines) and 
after LS (dashed lines) for (b) the micromorph without SOIR and a thick (680 nm) top cell; and (c) for the 
micromorph with a SOIR and a thin (340 nm) top cell. In the tables, the corresponding current densities (Jsc,top for 
the top cells, Jsc,bot for the bottom cells, Jsc for the micromorph devices and Jsum = Jsc,top+Jsc,bot) are indicated with 
their relative degradations. Additionally, Voc )) DQG Ș DUH LQGLFDWHG ZLWK WKHLU UHODWLYH GHJUDGDWLRQV 7KH
K\SRWKHWLFDOHIILFLHQF\Ș¶ZKLFKZRXOGEHREWDLQHGLI a stable Voc was achieved is indicated for comparison. 
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The initial values of Jsc,top for the cells without and with SOIR are 13.5 and  
13.8 mA/cm2, respectively, hence they are fairly comparable, with a relative difference of 
only 2%. It is interesting to note, in Fig. 7.24(a), the differences in the shape of the curves 
EQEtop. The\VWDUWWRGHSDUWIURPHDFKRWKHUIRUȜ!QPEHFDXVHZLWKWKHWKLQWRSFHOO
and the SOIR, a fraction of the photons with a wavelength larger than 510 nm are 
transmitted and absorbed into the ERWWRPFHOOZKHUHDV WKH WRWDOLW\ RISKRWRQVZLWKȜ
550 nm are absorbed within the 680-nm-thick top cell. The effect of the SOIR is to 
decrease the rate at which EQEtop GURSRIIZKHQȜLQFUHDVHVLQWKHVSHFWUDOUDQJHRIZHDN
absorption of a-Si:H. Without SOIR, the sum of Jsc,top and Jsc,bot, is 28.8 mA/cm2. 
Therefore, a micromorph with Jsc = 14.4 mA/cm2 could in principle be achieved with a 
further (but not recommended) increase of the thickness of the top cell. With the SOIR, 
this sum of Jsc is reduced by 1.1 mA/cm2 to 27.7 mA/cm2. Thus, a relative loss of 4% is 
induced by the additional total reflectance and the absorption discussed in section 7.5. It 
mainly occurs in the 550±950 nm spectral range, as seen in Fig. 7.24(a).  
Compared to the device with the thin top cell, the tandem with the thick top cell has a 
very low initial FF value (FF = 0.660). This is mainly due to collection losses because of 
the weaker electric-field in such a thick (680 nm) top cell. Therefore, also for devices in 
thHLQLWLDOVWDWHWKH,5/LVFRPSXOVRU\WRDFKLHYH³KLJK-sc´PLFURPRUSKFHOOVZLWKGHFHQW
FF values. The initial efficiency is only 11.6% when no SOIR is used whereas it is 13.3% 
when a SOIR is used. This represents an improvement of 15% of the initial conversion 
efficiency.  
$IWHUGHJUDGDWLRQWKHGHFUHDVHRIWKHFROOHFWLRQHIILFLHQF\ȤRIWKHWRSFHOOeq. (7.6)) 
induces a drop in EQEtop which is more obvious in the sum of EQE curves, as observed in 
Figs. 7.24(a) and (b). Therefore, Jsc decreases by -6.1% and by -4.3% for the thick and the 
thin top cell, respectively. For the corresponding micromorph cells, the relative losses of 
FF and Voc are -15.2% and -11.2%; and 0% and -4.9%, respectively. These values lead to 
stabilized conversion efficiencies of 9.2% for the cell without SOIR and 10.7% for the 
cell with SOIR. This corresponds to a relative degradation of 20.3% and 19.3%, 
respectively. 
For the device with a thick top cell and without SOIR, the Voc is stable under light 
soaking. This indicates that the loss of Voc after degradation observed here in the cell with 
a thin top cell and in section 7.5 is indeed due to the presence of the SOIR layer. This 
degradation of Voc will have to be examined in detail in the future. At the moment  
of writing this thesis, we can only state we observed that: (1) it is not light-induced but 
happens also in the dark; and (2) it is influenced by the surface texture of the front TCO. 
We suggest that contamination through nano-cracks at the p-i interface of the bottom  
ȝF-Si:H FHOOVVXFKDVLQIHUUHGIRUVLQJOHMXQFWLRQȝF-Si:H cells from the Figs. 5.6(b) and 
5.7(b) of chapter 5, may produce this degradation of Voc. A stable Voc under light soaking 
is demonstrated for the micromorph cell without SOIR and was also demonstrated in 
[Meier 2003]. For the sake of discussion, a column is added in a Table 7.9 referring to the 
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FHOOZLWK62,5ZKHUHZHVKRZDK\SRWKHWLFDOHIILFLHQF\Ș¶ZKLFKZRXOGEHREWDLQHGLQ
the case of stable Voc. In this case the stabilized conversion efficiency would be 11.3%, 
corresponding to a relative degradation of -15%, to be compared to the -20% relative 
degradation observed for the micromorph cell without IRL. 
7.6.4 Conclusion on the proof of concept 
With the experiment described in this section we show that when considering high-
efficiency micromorph solar cells i.e. tandems with Jsc value close to 14 mA/cm2, the 
thickness of the top cell of a device without IRL must be increased towards very 
detrimental large values. Here we needed to use a top cell thickness of 680 nm to achieve 
an initial Jsc value of 13.5 mA/cm2.  
Therefore, the insertion of an IRL is not only useful to mitigate the light-induced 
degradation (a reduction of the relative degradation from 20% to 15% is in principle 
achievable with the devices presented here) but also to avoid the poor initial FF, and 
therefore the low initial efficiency, due to an increase of the recombination losses by 
reduction of the electric-field in such a thick a-Si:H top cell. 
Without IRL, the initial conversion efficiency with Jsc = 13.5 mA/cm2 is 11.6% and 
stabilizes to 9.2%. With IRL, Jsc is 13.8 mA/cm2 and yields a conversion efficiency of 
13.3%. It stabilizes to the rather low value of 10.7% because of an unresolved Voc 
degradation in presence of the SOIR layer. Anyway, the initial and light soaked 
conversion efficiencies, as well as the relative degradation are improved in the case of the 
thin (340 nm) top cell with insertion of the intermediate reflector. 
7.7 Conclusions 
In this chapter we tried to bring out different electrical and optical aspects linked to the 
introduction of an intermediate reflector layer (IRL) in the micromorph tandem solar cell. 
When deposited on a nano-textured substrate, the optical system constituted by this 
device becomes extremely complex. We have chosen an experimental approach to gain 
more insight on its behavior when changing the IRL thickness and the surface 
morphology of the front transparent conductive oxide (TCO) electrode. Our main 
conclusions are:  
(1) We experimentally demonstrated that for any thickness d of the IRL (dIRL), the 
gain in current density of the top cell (ǻJsc,top), when an IRL is introduced in the 
device, is always larger in the incoherent case of nano-textured interfaces than 
in the coherent case of flat interfaces with an interferential (single layer) IRL. 
The maximum gain achieved so far is ǻJsc,top = 2.8 mA/cm2 for a ZnO IRL 
(ZIR).  
(2) The gain ǻJsc,top, increases linearly with dIRL and saturates when dIRL reaches a 
value comparable to the surface roughness of the interfaces. 
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(3) Conclusion (1) follows from the fact that the IRL actually promotes the light 
trapping capability of the front TCO layer in the 550-700 nm spectral range: 
the better this capability, the higher the gain ǻJsc,top. 
(4) It follows from (3) that a broad angular distribution function (ADF) of the light 
scattered in silicon by the front TCO, as experimentally verifiable by angle 
resolved scattering (ARS) measurements performed in-air, will be linked to a 
ODUJH JDLQǻ-sc,top. However, the converse may not be true: we believe that a 
TCO producing a poor (narrow) in-air ARS measurement result may produce a 
broad near-ILHOG$')LQVLOLFRQDQGLQWXUQDODUJHJDLQǻ-sc,top (see chapter 6, 
section 6.3.2).  
(5) It follows from (4) that LPCVD-ZnO layers with very large surface roughness 
are detrimental for the effectiveness of the IRL because, to make them suitable 
IRUGHSRVLWLRQRIȝF-Si:H material, we need to apply to them a post-treatment 
on their surface, which leads to a narrowing of the ADF of the transmitted light 
in silicon (see chapter 6, section 6.3.2).  
Except for (1), these conclusions are, to our best knowledge, original in this field of 
research. We hope they will stimulate further research in the field: experimental 
determination of the thickness dIRL DW ZKLFK ǻ-sc,top saturates for different front TCO, 
refinement of fundamental understanding by means of optical modeling of near-field 
HIIHFWV« 
The electrical influence of the IRL is twofold: 
(1) It influences the balance of the photocurrent between the component cells of the 
tandem and thus, this strongly influences the fill factor (FF) of the device, as 
demonstrated in section 7.2. 
(2) The in-plane conductivity of the IRL can reduce Voc and FF by means of 
recombination of holes in the p layer of the bottom cell with electrons flowing 
though shunts in the bottom cell. Note that our IRL is n-type and does not 
belong to the recombination junction of the tandem.  
Comparison of ZnO IRL (ZIR) and silicon oxide based IRL (SOIR) layers showed that 
providing deposition conditions to obtain a ZIR with low in-plane conductivity (10-6 
S/cm), no fundamental evidence of an advantage of SOIR over ZIR is found. However, 
the practical benefit provided by the in situ PECVD deposition of the SOIR layer makes 
SOIR by far preferable to ZIR. 
In this chapter we have shown that IRL is mandatory to achieve large Jsc values (close 
to 14 mA/cm2) in micromorph solar cells without impairing FF with a detrimentally thick 
a-Si:H top cell. With a bottom cell thickness of  ȝP DQG XVLQJ JODVV plates with a 
broadband anti-reflection (AR) coating, a Jsc value of 13.8 mA/cm2 is indeed achieved. 
This remarkably high current density yields 13.3% initial conversion efficiency and 
makes an important contribution in paving the road towards 14% micromorph cells.  
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However the conversion efficiency of this cell stabilized to the rather low value of 
10.7%. This is because the thickness of the a-Si:H absorber of this device is relatively 
large (340 nm) and also because the cell suffers from a degradation of the Voc, induced by 
the presence of the IRL, but not yet fully understood. So far, the best stabilized device 
(1.2 cm2 and no AR coating) is a bottom-limited micromorph cell with 11.1% stabilized 
conversion efficiency, including a SOIR. We expect that with proper mastering of SOIR 
induced degradation and further device optimization, stable efficiency above 12% should 
be reached soon. 
 
Chapter 8: Anti-reflection effect and light absorption in rough nano-textured front contact ZnO layers 
151 
8  Anti-reflection effect and light absorption in rough nano- 
textured front contact ZnO layers 
 
In this chapter, we will discuss two aspects of the rough transparent conductive oxide 
(TCO) layers used as front electrodes in our solar cell devices: (1) the anti-reflecting 
effect provided by the nano-texture of its surface and (2) the losses by optical absorption 
in this layer.  
Doing so, we will discriminate the relative roles of the increase of haze (related to the 
increase of the root-mean-VTXDUHUPVYDOXHRI WKHVXUIDFHURXJKQHVVırms)) and of the 
reduction of free carrier absorption (FCA) in the enhancement of external quantum 
efficiency (EQE) observed in the red and near infrared (NIR) parts of the spectrum for 
micromorph cells deposited on the lightly-doped, large grain, thick ZnO layer (Type-C) 
presented in the previous chapters of this thesis. The enhancement of EQE produces an 
increase of the current density (J) photogenerated in the absorber of the bottom cell of the 
device. 
Finally we will assess the degree of enhancement of optical absorption for our devices 
by means of light WUDSSLQJIURPWKH<DEORQRYLWFK¶VXSSHUOLPLWRIQ2 (chapter 6). 
8.1 Experimental 
 
Samples and measurements 
The two sets of front TCO layers discussed in this chapter are LPCVD ZnO:B  
films deposited on AF45 glass plates already presented in chapters 6 and 7. For 
convenience, we recall their characteristics in Table 8.1 and Table 8.2. The morphology 
of the surface of some of these layers has been modified with the plasma post-treatment 
presented in chapter 3. AFM pictures of the 1st set of ZnO layers can be found in Fig. 6.7 
of chapter 6.  
Table 8.1: Thickness d, carrier concentration N [Steinhauser 2007], post-treatment time tPT, surface roughness ırms, 
and characteristic morphology of the valleys for the 1st set of front ZnO layers discussed in this chapter  
(Type-A1 to -D1: same layers as in chapter 6). Type-A1 and -B1: no post-treatment. 
Type of front ZnO  A1 B1 C1 D1 
d ȝP 1.9 4.8 4.8 4.8 
N (cm-3) 1.4x1020 4x1019 4x1019 4x1019 
tPT (min) 0 0 20 60 
ırms (nm) 65 172 150 103 
Morphology of valleys V-shape V-shape U-shape U-shape 
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Table 8.2: Thickness d, carrier concentration N [Steinhauser 2007], post-treatment time tPT, surface roughness ırms, 
and characteristic morphology of the valleys for the 2nd set of front ZnO layers discussed in this chapter (Type-A2 
and Type-C2: same as Type-A and Type-C discussed in chapter 7). 
Type of front ZnO  A2 A3 C2 C3 
d ȝP 1.9 1.9 4.8 4.8 
N (cm-3) 1.4x1020 1.4x1020 4x1019 4x1019 
tPT (min) 2 10 20 40 
ırms (nm) 66 n.a. 165 n.a. 
Morphology of valleys V-shape U-shape U-shape U-shape 
Let us recall that the low doping level used for deposition of the thick, large grain, ZnO 
layers provides high transparency in the NIR spectral range because of reduced FCA, 
even at a similar sheet resistance [Steinhauser 2005].  
A 300-nm-thick a-Si:H film is deposited on the ZnO layers of the 1st set of samples 
(Type-A1 to -D1). Total reflectance (Rtot) and diffuse reflectance (Rdif) spectra of these 
samples, when light is incident on the glass side, are measured with a Perkin-Elmer 
Lambda 900 spectrometer equipped with an integration-sphere. The specular reflectance 
Rspec = Rtot ± Rdif is deduced from these experimental spectra. For the micromorph solar 
cells with intermediate reflector co-deposited (300-nm-thick top cell, SOIR 150 nm and 
3-ȝP-thick bottom cell) on the 2nd set of samples (Type-A2, A3 and Type-C2, C3), Rtot 
spectra are also measured with the Perkin-Elmer spectrometer and the integration sphere.  
 
Calculation methods 
The internal quantum efficiency is defined by: 
 
 IQE = EQE/(1 ± Rtot).         (8.1) 
We will compare two 7&2V QDPHO\ 7&2¶ DQG 7&2¶¶ 7R HYDOXDWH WKH UROH RI OLJKW 
WUDSSLQJLQ WKH LQFUHDVHRIFXUUHQWGHQVLW\ZKHQ7&2¶¶ LVXVHGIRUGHSRVLWion of a solar 
FHOOLQVWHDGRI7&2¶ZHFDOFXODWHZKDWWKH,4(ZLOOEHLIWKHDEVRUSWLRQVORVVHVLQWKH
TCO) are exactly identical for the two devices deposited on those TCOs. If these 
DEVRUSWLRQORVVHVDUHHTXDOWKHQWKHLQWHUQDOTXDQWXPHIILFLHQF\,4(¶¶VKRXOGEHHTXDOWR
,4(¶7KHUHIRUHIURPWKLVHTXDOLW\DQGIURPZHFDQFDOFXODWHZKDWVKRXOGEHWKH
H[WHUQDOTXDQWXPHIILFLHQF\(4(¶¶RIWKHVRODUFHOOGHSRVLWHGRQWKH7&2¶¶ 
 
 (4(¶¶  (4(¶Â ± Rtot¶¶)/(1 ± Rtot¶¶,      (8.2) 
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where Rtot¶ DQG 5tot¶¶ DUH WKH WRWDO UHIOHFWDQFH RI WKH GHYLFHV GHSRVLWHG RQ 7&2¶ DQG
7&2¶¶UHVSHFWLYHO\In case equation (8.2) is not satisfied for two TCOs, the difference 
should hence be linked to a change of absorption losses in the TCO. Thus, from EQE and 
Rtot measurements, it is possible to calculate separately the contribution the enhancement 
of the light trapping capability to the increase of Jsc observed when a solar cell is 
deposited on the lightly-doped, large grain, thick ZnO layer (Type-C). This is done by 
integration over the spectral range of interest of the photon flux of the AM1.5g spectrum 
with the actual EQE of the FHOOGHSRVLWHGRQ WKH7&2¶¶DQGZLWK WKHFDOFXODWHG(4(¶¶
This gives the actual Jsc and the calculated Jsc¶¶ZKLFKcorresponds to the case of a change 
of light trapping capability without any change of the absorption losses. This method 
allows a quantitative assessment of the relative benefits of low FCA and light trapping 
enhancement.  
The EQE and Rtot measurements also allow, neglecting  the absorption in doped layers,  
the assessment of the absorbance ATCO in the front and back TCO layers: 
 
ATCOȜ!QP ± RtotȜ± (4(Ȝ.     (8.3) 
To calculate the effective light path enhancement obtained with our different ZnO 
layers, we will proceed in the same way as Berginski et al. who found an enhancement 
IDFWRURILQȝF-Si:H single junction solar cells deposited on sputtered-etched ZnO:Al 
front TCO layers [Berginski 2007]. On each path, part of the light trapped in the device is 
also absorbed in the TCO layers (and not only in silicon). Light absorbed in the TCO is 
lost for generation of carriers. The effect on EQE can be taken into account by the 
following correction [Berginski 2007, Python 2009b]:  
 
EQEcor = EQE/(1 ± ATCO),         (8.4) 
which represents, in first approximation, the value the EQE would take if the TCO layers 
ZHUHSHUIHFWO\WUDQVSDUHQW)RUDQ\ZDYHOHQJWKȜWKHOLJKWSDWKenhancement factor m, is 
defined by: 
 
 EQEcor = 1 ± exp[±PÂĮG],        (8.5) 
which yields [Berginski 2007]: 
 
 m = ±ln(1 ± EQEcorrĮG        (8.6) 
The range of validy of (8.6) needs to be taken care of, as will be seen later. 
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8.2 Results and discussion 
8.2.1 Reflectance measurement of glass/ZnO/a-Si:H structures  
The reflectance spectra Rtot, Rspec and Rdif of the glass/ZnO/a-Si:H structures are plotted 
in Figs. 8.1(a), (b) and (c), respectively. The inset in Fig. 8.1(b) is a zoom for Rspec in the 
range of ZDYHOHQJWKV Ȝ FRPSULVHG EHWZHHQ  DQG  QP )RU Ȝ !  QP WKH
reflectance of the structure is increasing because, due to the vanishing of the coefficient of 
absorption Į of silicon, light transmitted in the thin (300 nm) a-Si:H film is reflected back 
at the a-Si:H/air interface and transmitted out of the front surface of the sample. The 
corresponding increase in Rtot is exclusively related to an increase in Rdif. This indicates 
that the fraction of light intensity in the a-Si:H film which finally escapes out of the 
sample is totally diffuse. The interferences observed in the spectra Rtot and Rspec for the 
structure deposited on the Type-A1 ZnO are exclusively related to specular reflectance 
and are due to the smaller thickness of the ZnO layer. For photons of energy smaller than 
WKH RSWLFDO EDQGJDS RI =Q2 DQG ZLWK Ȝ   QP WKH UHIOHFWDQFH VSHFWUD UHODWHV WR
primary reflection and to light intensity in the ZnO layer, which finally escapes from the 
structure but not to light intensity transmitted to the a-Si:H film (because fully absorbed 
within the first light pass through the 300-nm-thick a-Si:H film). The striking 
observations concerning this spectral range are: 
(1) For the samples without plasma post-treatment of the ZnO layer (Type-A1 with 
ırms = 65 nm and Type-%ZLWKırms = 172 nm), a quasi negligible difference of 
reflectance is observed despite the very different surface roughness.  
(2) This very little difference in Rtot is exclusively related to an increase in Rspec 
(+0.15%) for the samples with thick ZnO layers. 
(3) The change of Rtot (2.4%) is almost exclusively related to a change of Rdif: the 
longer the post-treatment of the surface of the ZnO layer, the larger the increase 
of diffuse reflectance. 
(4) A bXPSRIUHIOHFWDQFHLVREVHUYHGDWȜ  580 nm for the sample with the longer 
post-treatment, this bump is exclusively related to Tdif and not to Tspec.  
We believe that the slight change of Rspec noted in (2) between the Type-A1 and the 
other samples (+0.15%) is due to a refractive index grading effect, as modeled by the 
effective media approximation (EMA) [Bruggeman 1935, Landauer 1952, Tinga 1973] when the 
FRUUHODWLRQ OHQJWK RI WKH UDQGRP VXUIDFH LV VPDOOHU WKDQ Ȝ In the wavelength range 
considered, light in-coupling by means of refractive index grading is slightly more 
effective for the Type-A1 ZnO, because of its small lateral feature size compared to the 
thick layers with large pyramids. 
However (3) proves that, index grading effects are not involved in the change of Rtot 
when ırms changes by means of the post-treatment of the surface of the ZnO layers. 
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Fig. 8.1: Reflectance spectra of the structure glass/ZnO/a-Si:H, measured in air when light is incident to the glass 
side; with the ZnO layers of different thickness d and rms surface roughness ırms listed in Table 8.1 (Type-A1 to -
D1). The specular reflectance (Rspec) in (b) is calculated from the measured spectra of total reflectance (Rtot) in (a) 
and diffuse reflectance (Rdif) in (c). The inset in (b) is an enlargement of Rspec in the range of wavelengths from 400 
nm to 500 nm.  
 
In view of the marginal role of refractive index grading effects in decreasing the 
reflectance of our nanotextured ZnO/Si interfaces, it is interesting to note that researchers 
devote much attention to EMA when studying reflectance of silicon thin-film solar cells 
(see e.g. [Hagemann 2008]). In our case, this is again the angular distribution, but this of the 
back-scattered light, that gives the major contribution in the reduction of reflectance of 
the rough ZnO/a-Si:H interface. Actually, the special role of a low refractive index film 
on top of a rough silicon surface in decreasing the reflectance has already been explained 
in full detail in the somewhat old but fundamental paper of Yablonovitch [Yablonovitch 1982] 
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where he VWDWHV ³The antireflection coating that we have been describing combines 
synergistically both the index matching and the texturing to take advantage of a new 
mechanism, namely, light trapping by total internal reflection in the thin plastic film.´,Q
other words: the diffuse part of the primary reflection at the ZnO/a-Si:H interface can 
HVFDSH WKH VDPSOH RQO\ WKURXJK WKH HVFDSH FRQH RI DQJXODU ZLGWK șc   ÂDVLQQZnO)  
ป Â (see chapter 6) and is therefore preferentially reflected back into silicon, as 
schematically shown in Fig. 8.2.  
 
 
 
 
 
Fig. 8.2: Primary reflectances in the structure glass/ZnO/a-Si:H discussed in this section. For the interfaces 
air/glass, glass/ZnO and ZnO/a-Si:H, the Fresnel coefficients in normal incidence are 4%, 2% and 9.6% 
respectively. Simple geometrical optics considerations explain how light trapping by total internal reflection reduces 
the primary reflectance of the rough a-Si:H/ZnO interface. For light in ZnO, the opening angle of the escape cone is 
Âșc  ÂZKHUHșc is the critical angle of total internal reflection for ZnO in air.  
 
Thank to the internal reflection in ZnO (see Fig. 8. 2), the reflectance of ~9.6% at the 
ZnO/a-Si:H interface is reduced, according to Fig. 8.1(c), in an effective reflectance of 
~3% for the layer with the longest post-treatment (Type-D1) and ~0.8% for the layers 
with no post-treatment (Type-A1 and -B1). For those two layers, this very low effective 
reflectance is obtained thank to their unmodified as-grown surface texture. The angular 
distribution of the reflected light at the internal interface (of course, not accessible 
experimentally) is most probably broader for the Type-A1 and Type-B1 ZnO layers. This 
provides an explanation for their better anti-reflection effect.  
The bump of reflectance noted in (4) is produced by the a-Si:H film, which behaves as 
a half-wavelength plate (it is indeed surrounded by air and ZnO, with lower refractive 
indexes). We already discussed this effect in chapter 7 where the bump was produced by 
the top cell of a micromorph device with intermediate reflector. The important thing to 
realize here is that, an interferential effect seems to be possible with diffuse light. There is 
a dramatic narrowing of the angular distribution for light transmitted through the ZnO 
layer with the longest post-treatment time of its surface (see Fig. 6.9 in chapter 6). We 
suggest here that the light scattered by this surface is indeed diffuse but still coherent. The 
n ~ 2 
4% 
2% 
~9.6% 
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ș1 
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diffusion takes place with a narrow angular distribution, the most probable scattering 
angle in a-Si:H being smaller than 10°. 
8.2.2 Front ZnO layer: effects of light trapping and FCA absorption  
For comparison of pairs of the front TCO layers listed in Table 8.2, pairs of EQE 
curves (top cell, bottom cell and sum) of co-deposited micromorph devices with 
intermediate reflector are plotted in Figs. 8.3(a) to (d). The corresponding pairs of curves 
(1 ± Rtot) are also plotted in these figures as well as the prHGLFWHGFXUYH(4(¶¶FDOFXODWHG
from eq. (8.2), as should be observed in case the EQE change is linked to light trapping 
enhancement only and not to a change in TCO absorption (circles in Figs. 8.3(a) to (d)). 
We observe that, when the difference between the TCO layers is only the duration of the 
plasma post-treatment tPT (Figs. 8.3(a) and (b)), WKH SUHGLFWHG (4(¶¶ IRU WKH GHYLFH
deposited on the TCO with short post-treatment nicely fits the actual EQE. The 
discrepancy for short wavelengths indicates an increased absorption in the p-type Si layer 
and/or the front ZnO layer, when long post-treatment is used. In the long wavelength 
UHJLRQWKHVLPLODULW\EHWZHHQWKHH[SHULPHQWDODQGFDOFXODWHG(4(¶¶FXUYHVmeans that 
the change of EQEs are mainly due to changes of light trapping capability (70% and 94% 
of the gain in current from one sample to the other, in Figs. 8.3(a) and (b), respectively) 
and not to changes of absorption. However, when the front TCO are differently doped 
(Figs. 8.3(c) and (d)) the major part of the improvement of EQE is due to the reduction of 
FCA. Indeed, only 32% and 19% of the gain in current density can be attributed to an 
enhancement of light trapping by the larger grain features in Fig. 8.3(c) and (d), 
respectively. A large increase of FCA is also manifested in the curves (1 ± Rtot) where we 
see that the reflectance for Ȝ > 1000 nm is smaller with the highly doped front TCO. 
Therefore, we conclude that more than 50% of the benefit of the thick, large grain, 
lightly-doped Type-C front ZnO layers is due to its decreased FCA and that the large 
features are not the dominant factor helping the current gain, as could be intuitively 
thought.  
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Fig. 8.3: (a)-(d) Pairs of EQE curves (top cell, bottom cell and sum) of micromorph cells with intermediate reflector 
co-deposited on different pairs of the front ZnO layers described in Table 6.2. The corresponding pairs of total 
absorbance curves (1-Rtot) are also plotted in these figures. The circles in (a) to (d) indicate the predicted EQE'', 
calculated with eq. (8.2), from the EQE of the first cell of the pair and the total reflectance spectra of both cells. 
7KRVH(4(¶¶ FXUYHV FRUUHVSRQG WR WKH H[SHFWHG(4( IRUD FHOO GHSRVLWHGRQD OD\HUZLWK WKHPRUSKRORJ\RI WKH
second ZnO layer of the pair but with the free carrier absorption (FCA) of the first one. Therefore they give the 
expected EQE if only light trapping enhancement was provided by the second ZnO layer of the pair. In (a) the two 
thin Type-A2 and Type-A3 ZnO layers (thin curves) with two different durations tPT of plasma post-treatment are 
compared. In (b) the comparison concerns the two thick lightly-doped Type-B2 and Type-B3 ZnO layers (thick 
curves) with two different tPT. In (c) the thin Type-A3 ZnO layer with the long (10 min) tPT is compared with the thick 
Type-C2 layer. Finally, in (d) the thin Type-A2 with the short (2 min) tPT is compared to the thick Type-C2 ZnO 
layer. For each pair of micromorph cell the following information is indicated: the change of total photo-current 
density (Jsum) in the top and bottom cells of the tandem; the absolute and relative contributions of the wavelengths 
ranging from 600 nm to 1100 nm to the increase of Jsum; and the relative contribution of light trapping deduced from 
(4(¶¶ 7KH YHUWLFDO OLQHV LQGLFDWH WKH ZDYHOHQJWK Ȝ    QP IURP ZKLFK LQWHJUDWLRQ ZLWK WKH SKRWRQ IOX[ RI
AM1.5g spectrum has been carried out to calculate the increase of Jsum. 
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Another way to distinguish FCA from light trapping is to correct the EQE with eq. 
(8.7). This gives, in a first approximation, the value that the EQE would take if there were 
no absorption at all in the TCO layers. Fig. 8.4 shows that, as expected, the increase of the 
surface post-treatment induces a reduction of the light scattering capability (corrected 
curves for C2 and C3) in the range of 650 to 950 nm. In the same range, after the 
correction, the curves for A2 and C3 become closer. This indicates that Type-A ZnO 
layers with small pyramids and short (or no) post-treatment and providing a broader 
angular distribution of the scattered light (see chapter 6, Figure 6.9), even though showing 
a lower haze, can be as efficient as large but smoothened features at scattering light. For 
this series of samples, if all the absorption losses are canceled, the better light scattering 
capability in the range 700-900 nm is obtained with a thick, large grain ZnO films with 
the 20 minutes of surface post-treatment. Surprisingly, we notice that above 980 nm all 
FRUUHFWHG FXUYHV DUH VLPLODU 7KLV ZRXOG LQGLFDWH WKDW LQ WKH FDVH RI D ³WUXH´ ZHDN
absorption limit (absorption length in μc-Si > 100 μm) most of our samples behave 
similarly in terms of light trapping and light path enhancement.  
 
 
 
 
 
 
 
 
 
 
Fig. 8.4: (a) Absorbance losses ATCO, EQE (sum) and EQEcor = EQE/(1-ATCO) for the micromorph cells co-deposited 
on the ZnO layers presented in Table 6.2 (same cells as in Fig. 8.3). (b) Effective light path enhancement calculated 
with eq. (8.6) for these micromorph cells. 
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Table 8.3: For micromorph cells deposited on the ZnO layers listed in Table 8.2, current densities J corresponding 
to EQE and EQEcor = EQE/(1-ATCO) for the full wavelength range (300 nm to 1100 nm) and for the light trapping 
wavelengths range comprised between 600 and 1100 nm, with the corresponding relative increase of J. 
Type of front ZnO  A2 A3 C2 C3 
JEQE              (mA/cm2) 24.9 24.1 26.0 25.3 
JEQEcor          (mA/cm2) 29.9 29.2 30.6 29.7 
JEQE, 600        (mA/cm2) 15.2 14.7 16.5 15.9 
JEQEcor, 600     (mA/cm2) 18.8 18.2 19.6 18.9 
(JEQEcor,600 ±JEQE,600)/JEQE,600     (%) +23.5 +23.8 +18.8 +18.9 
 
The current densities deduced from the EQE in Fig. 8.4(a) are listed in Table 8.3. We 
see in this Table that, when the effect of FCA is removed, the increase of Jsc in the light 
trapping wavelengths range (600 to 1100 nm) is raised by about 24% for the thin and 
highly-doped ZnO layers against about 19% for the thick and lightly-doped ones. This 
leads to the same conclusion as the first comparison method: when the free carrier 
DEVRUSWLRQ LV ³UHPRYHG´ VPDOOHU GLIIHUHQFH LQ WKH -sc remains (i.e. the difference goes 
down from 1.8 to 1.4 mA/cm2 between 600 and 1100 nm, see Table 8.3). 
If totally free-FCA ZnO layers also having a wider bandgap (i.e. free of band to band 
absorption at low wavelength) were achievable, the potential for the higher current would 
be 30.6 mA/cm2 for the thick Type-C2 ZnO layer. This is 2.3% better than for the thin 
Type-A2 ZnO layer (29.9 mA/cm2).  
Also from the plots of the effective optical path enhancement in Fig. 8.4(b), we can 
directly deduce the effective light path enhancement calculated with eq. (8.6). The 
enhancement factor rises when the wavelength increases, to reach a maximum of 21 to 23 
SDWKVDWȜ QP Therefore, in the best cases, this factor is still ~2.5 times smaller 
than the ideal Yablonovitch¶V limit RI ÂQSi2, with nSi~3.8. This illustrates the further 
potential of light trapping structures if perfect Lambertian scattering could be achieved. 
Here also, for a given thickness of the ZnO layer, the longer the post-treatment the 
smaller the light trapping capability in the range of 700 to 980 nm. Larger enhancement 
factors are obtained for the thick ZnO layers. At 950 nm, the enhancement factor m 
increases from 13.4 for the thin Type-A3 ZnO layer, with the 10 min plasma post-
treatment, to 15.2 for the thick layer with a 20 min plasma post-treatment. 
Finally we should point out that, LIȝF-Si:H had a low absorption coefficient satisfying 
Įd<<1 over a larger spectral range, we would expect to see a decrease of m with the 
wavelength (chapter 6). This indeed could explain the apparent fall of m above 1000 nm 
(even though this would have to be confirmed). The rising m factor up to 1000 nm is not 
trivial to understand and this is primarily linked to the fact that the assumption of weak 
absorption limit (mÂd < 1/Į) is no longer fulfilled. Hence the too strong absorption 
coupled to the reflection losses will lead to a reduction of m which can even become 
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lower than unity. Besides, other effects can play a role: this includes eq. (8.4) for the 
absorption of the TCO, the fact to neglect the primary reflection losses in the definition of 
m in eq. (8.5) (which becomes sensitive to offset of the EQE) and the absorption in doped 
layers. Berginski et al. obtained similar features in the plot of the enhancement factor 
YHUVXVWKHZDYHOHQJWKIRUȝF-Si:H solar cells deposited on sputtered-etched ZnO:Al layers 
[Berginski 2007].  
 
8.3 Conclusions 
In this chapter, we have shown that for our LPCVD ZnO:B layers, the angular 
distribution of light reflected at the internal ZnO/a-Si:H interface, coupled with internal 
total reflection in the ZnO layer, is the major contributor to anti-reflective effect of this 
rough interface. Its effective reflectance is reduced down to ~0.8% if the surface of the as-
grown LPCVD ZnO layer is not modified by the plasma post-treatment. In this case, the 
benefit of small pyramids (lateral size of 400 nm compared to 900 nm, typically) to 
decrease the reflectance by means of refractive index grading is almost negligible. 
When comparing the relative benefit of using our new thick, large grain, lightly-doped 
ZnO layer we observe that more than 50% of the gain in the total cell current density is 
produced by the decrease of free carrier absorption. Typically 20% to 30% of the gain in 
current density is due to an improvement of light scattering capability of thick Type-C 
ZnO layers when compared to thin, highly-doped Type-A. 
When comparing the potential of totally free-FCA ZnO layers, we observe that the 
thick layers with short treatment time offer a better light trapping capability, with a 
current density 2.3% larger, than in the case of the thin layer with a short plasma post-
treatment of its surface. 
Finally, we obtain a maximum factor of 21 to 23 for the effective light path 
enhancement produced by our ZnO layers. This is still ~2.5 times smaller than the ideal 
Yablonovitch¶V limit RIÂQSi2. This illustrates the further potential if perfect Lambertian 
scattering would be achieved in our solar cell devices. We point out that further work is 
definitely required to achieve a full understanding of all the effects in the EQE curves as 
described in Figs. 8.3 and 8.4. 
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9 Conclusions and perspectives 
We draw a summary of the conclusions reported in this thesis. Then, perspectives for 
further studies and device efficiency improvement are briefly discussed. 
9.1 Final conclusions 
9.1.1 Device optimization 
The object of the present work was to demonstrate high efficiency micromorph solar 
cells outside of industrial cost requirements. We therefore explored the potential of 
increasing the thickness of the bottom cell absorber, introducing an intermediate reflector 
(IRL) to achieve current matching, and using novel types of front transparent conductive 
oxide (TCO) layers. Following this strategy the best initial cRQYHUVLRQHIILFLHQF\ Ș LV
13.3% for a 1.2 cm2 cell with a broadband anti-reflection (AR) coating on the front side 
of the glass. The best stabilized efficiency is 11.1% with a 1.2 cm2 micromorph cell 
without AR coating. Table 9.1 gives an overview of the main results obtained during this 
work, with the corresponding top/bottom cell thicknesses and types of intermediate 
reflector and front TCO layers.  
Table 9.1: Micromorph solar cell results obtained with Type-A or Type-C front ZnO layer (Type-A stands for the 
LPVCD ZnO:B layer with small feature sizes optimized for single junction a-Si:H solar cells; Type-C stands for 
thick, large grain, lightly doped ZnO layers and with different post-treatment on their surface); different 
intermediate reflector layers (IRL): ZnO (ZIR) or silicon oxide based (SOIR); and different top/bottom cell 
thicknesses. 
Front 
ZnO 
ARC IRL 
 
dtop 
(nm) 
dbot 
(ȝP) 
Jsum 
 
Jsc,top 
(mA/cm2) 
Jsc,bot 
 
Jsc 
(mA/cm2) 
Voc 
(V) 
FF 
(-) 
Ș 
(%) 
Remark 
Type-A no ZIR 180 1.8 24.5 12.4 12.1 12.1 1.315 0.732 11.6 initial, ~0.25 cm2 (see 7.3.2) 
Type-C no ZIR 290 3.0 26.0 13.2 12.8 12.8 1.315 0.702 11.8 initial, ~1 cm2 (see 7.3.2) 
             
Type-A no SOIR 290 3.0 25.0 13.5 11.5     initial, 1.2 cm2 (see 7.5.2) 
Type-C no SOIR 290 3.0 26.8 13.0 13.8     initial, 1.2 cm2 (see 7.5.2)  
             
Type-C no SOIR 290 3.0 26.8 13.0 13.8     initial, 1.2 cm2 (see 7.5.2)  
Type-C no SOIR 300 
 
3.0 
 
26.0 
25.3 
13.3 
12.8 
12.7 
12.5 
12.7 
12.5 
1.38 
1.32 
0.722 
0.672 
12.6 
11.1 
initial, 1.2 cm2 (see 7.5.2) 
degraded 
             
Type-C yes 
 
SOIR 
 
340 
 
3.5 
 
27.7 
26.7 
13.8 
13.2 
13.9 
13.5 
13.8 
13.4 
1.38 
1.29 
0.708 
0.629 
13.3 
10.7 
initial, 1.2 cm2 (see 7.6.2) 
degraded 
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This strategy focuses on the increase of the short-circuit current density (Jsc). The best 
Jsc in Table 9.1 is 13.8 mA/cm2, the sum of current densities Jsum of the top and bottom 
cells of the corresponding micromorph device is 27.7 mA/cm2. This remarkably high 
current density shows that our concept could most probably yields a Jsc of 14 mA/cm2 
which is a prerequisite to reach the threshold of 14% initial efficiency. 
9.1.2 Study of the optoelectronic properties of the device: electronic  
In chapter 3 we showed that the radii of curvature at steep V-shaped valleys between 
the pyramid-like objects on the surface of our zinc oxide layers can be increased by 
means of different plasma post-treatments. In chapter 4 we showed that, the harmful 
effects of these V-shaped valleys on the open-circuit voltage (Voc) and fill-factor (FF) of 
ȝF-Si:H solar cells can be removed if the plasma treatment applied to the surface of the 
ZnO layer is long enough. In chapter 5 we obtained some evidences, with different 
scanning electric probe microscopy techniques, that the clusters RI ȝF-Si:H material 
present on the top of each pyramid of the ZnO layer can be thought as independent 
nanodiodes connected in parallel by the front and back TCO layers. We proposed that the 
electrical characteristics of these nanodiodes are mainly influenced by the quality of the 
ȝF-Si:H material forming the boundaries between these clusters. In chapter 7 we 
explained with a simple network model that the fill-factor (FF) of the micromorph cell 
changes asymmetrically when the balance of current matching between the top and 
bottom cells changes: a shift towards bottom-limitation produces a larger increase of FF 
than towards top limitation. Therefore a strong link exists between electrical 
performances and the optical properties of the device which influence the current balance 
in the tandem. Also in chapter 7, we observed the negative impact on Voc and FF of large 
in-plane conductivities of the IRL. We showed that this can be solved by using a silicon 
oxide based IRL (SOIR) or a dedicated ZnO layer with low conductivity.  
9.1.3 Study of the optoelectronic properties of the device: optics  
In chapter 6 we used the Beckmann-Kirchhoff scattering theory modified by Harvey to 
calculate the angular distribution of scattered light when it is transmitted through 
different surface-textured ZnO layers. As the agreement with experiment is good we used 
this method to gain insights into light scattering at the internal ZnO/Si interface of our 
devices. We also showed experimentally that for a same haze in transmission, if the 
angular distribution of the light transmitted through the TCO is narrow, then the current 
density in the bottom cell of the micromorph device decreases. However, no clear rule 
was deduced for the top cell. In chapter 7 we experimentally demonstrated that when an 
IRL of thickness dIRL is introduced in the device, the gain in current density of the top 
cell (Jsc,top) increases linearly with dIRL and saturates when dIRL reaches a value 
comparable to the surface roughness of the interfaces. We explained that the IRL actually 
promotes the light trapping capability of the front TCO layer in the 550-700 nm spectral 
range. Therefore, the better is this capability; the better is the effectiveness of the IRL in 
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increasing Jsc,top. The Type-C ZnO (thick, lightly doped, large grain layer, optimized for 
ȝF-Si:H cells) was found to be less favorable for the top cell than the Type-A ZnO (small 
features sizes, optimized for a-Si:H cells) due to a decrease of the effectiveness of the 
IRL. This is because Type-C ZnO (with large texture sizes) requires long post-treatment 
of its surface and therefore provides light scattering with a narrow angular distribution. In 
chapter 8 we showed that more than 50% of the improvement of current density obtained 
in the bottom cell when this Type-C ZnO is used is due the reduced free carrier 
absorption (FCA) of this thick but lightly doped layer. In chapter 8 we also showed that 
for our ZnO layers, the anti-reflective effect of the ZnO/Si interface in the device is not 
due to refractive index grading but to light trapping in the ZnO layer with total internal 
reflection at the ZnO/glass interface. 
 
In summary, compared to the status at the beginning of this thesis, with micromorph 
cells in the range of 10-10.5%, by working on fully different structures we were able to 
achieve higher established and initial efficiency. Also we could bring in new insights into 
the various mechanisms leading both to increase (or decrease) of light scattering at nano-
textured interfaces and of light trapping in the silicon top and bottom absorbers of the 
micromorph solar cell, as well as leading to improvement or degradation of its electrical 
properties. 
 
9.2 Perspectives 
7KH ,07¶V VWDWH-of-the-art value for stable conversion efficiency is 11.1% with a 
SOIR. This result is obtained without AR coating and a problem of degradation of the Voc 
when a SOIR is used occurred. We think that this problem is likely to be solved (see (a) 
below). Thus, perspectives for further improvement are excellent and many interesting 
topics concerning the micromorph solar cell are left to be studied in more details. In the 
author's opinion the most pressing topic are therefore: 
(a) Studying if nanocracks through the p/i interface, such as the cracks inferred in 
chapter 5 from Figure 5.6(b), induces selective contaminations by in-diffusion during 
deposition of the LQWULQVLF ȝF-Si:H absorber. This may provide an explanation for the 
degradation of Voc observed in micromorph cells incorporating a silicon oxide based 
intermediate reflector (SOIR). The new NanoSIMS analysis technique [Lozano-Perez 2008] 
should be an adequate tool for this study. 
(b) Identifying a limit for the maximum allowable thickness for the bottom ȝc-Si:H 
absorber. Indeed, up to now, an excellent collection of carriers is achieved within the  
ȝF-Si:H absorber, even with 3.5-ȝP-thick layers (verified in single junction devices). 
This study is actually less trivial as it appears, because the limit of the maximum 
thickness is tightly linked, via the electric-field in the intrinsic layer, to the quality of the 
vacuum in the deposition chamber and to the purity of the gas feed: any deviation due to 
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the history of the reactor may lead to a shift of the Fermi level in the intrinsic layer and 
therefore to a weakening of the electric-field. At the moment, the bottleneck for the 
current density of the micromorph tandem is the top cell. However, this point (b) could 
give room for current density in the bottom cell (if made thicker than 3.5 μm) and allow 
for the deposition of the device on a Type-A front ZnO layer, favorable to a high current 
density in the top cell.  
(c) Developing a layer with the surface roughness of Type-A and the low FCA of 
Type-C should allow increasing the current densities of both the top and the bottom cells. 
Indeed, FCA reduction gives the main contribution to the improvement of the current 
density when a micromorph cell is deposited on a Type-C ZnO layer, compared to a 
Type-A; whereas, effectiveness of the intermediate reflector is improved with Type-A. 
Further experimental verification could be obtained by growing suitable layers.  
(d) Further validating the ability of scalar scattering theory to handle the problem of 
light scattering by the rough TCO layers used in thin-film PV. Multiple internal 
reflections of light trapped in the silicon layer could easily be added to the model. This 
would make possible a confrontation of calculation results with absorbance 
measurements with glass/ZnO/Si samples. This would also allow the identification of a 
minimum thickness for the silicon layer, for which this approach is still valid, and below 
which a rigorous near-field calculation must be used. 
(e)LQDOO\OLPLWLQJIXUWKHUWKHDSSDULWLRQRIFUDFNVLQWKHȝF-Si:H materials. We note 
indeed that cracks appearing at various places in the devices (also after the amorphous 
top cells) are strongly detrimental. Even though the Type-C ZnO layers with long post-
treatment of their surface allows to some extent a limitation of the apparition of the 
cracks in the μc-Si:H materials, further work is needed: 
- to improve the shape and features of the front TCO 
- WRLPSURYHWKHSURFHVVHVHJE\JURZLQJ³IODtWHU´D-Si layers, or by growing μc-Si:H 
layers less prone to develop cracks. For instance higher deposition temperature was 
shown [Python 2009b] to lead to a strong reduction of crack density for μc-Si layers. This is 
particularly interesting for nip structures, but possibly could also be implemented in pin 
devices. 
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